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INTRODUCTION 
While there is considerable controversy concerning the 
origin of greenstone-hosted lode gold deposits of Archean age, 
there is a general consensus that these deposits are 
epigenetic (e.g., Kerrich and Fryer, 1979; Boyle, 1979). By 
contrast, iron formation-hosted lode gold deposits of Archean 
or Proterozoic age are considered either epigenetic or 
syngenetic. At least three genetic models have been proposed 
for these gold deposits: a syngenetic model involving 
simultaneous deposition of gold and the iron formation (Fripp, 
1976; Hallager, 1984; Hutchinson and Burlington, 1984; Saager 
et al., 1987); an epigenetic model involving a later 
introduction of gold, arsenic, and sulfur into the iron 
formation (Noble, 1950; Fyon et al., 1983; Macdonald, 1983; 
Phillips et al., 1984; Hamilton and Hodgson, 1986; Wyman et 
al., 1986; Lhotka and Nesbitt, 1989); and a multistage model 
involving primary concentration of gold during deposition of 
iron formation followed by remobilization and reconcentration 
of gold during later events (Rye and Rye, 1974; Sawkins and 
Rye, 1974; Saager et al., 1987; Oberthur et al., 1990). 
Kerswill (1990) divided iron formation-hosted gold deposits 
into two principal types: stratiform and non-stratiform but 
stratabound. He proposed a syngenetic origin for the former 
2 
but an epigenetic origin for the latter. He considered the 
iron formation-hosted gold mineralization at Jardine, Montana 
to be stratiform. 
The Jardine district ~s one of only three Archean lode 
gold districts in the United States that have reserves of 
greater than 300,000 ounces of gold. The other two are the 
South Pass-Atlantic City district, Wyoming, and the Ropes 
mine, Michigan. The fact that two of the three districts are 
in the Wyoming province suggests that the province might be an 
Archean gold province similar to Archean provinces in Canada 
(e.g., Abitibi Province). 
Placer gold was discovered near Jardine in 1866, and gold 
quartz veins were mined in the 1880's at Mineral Hill. By 
1943, more than 155,000 ounces of gold and 27,000 ounces of 
silver had been produced (Seager, 1944). Homestake Mining 
Company acquired the Jardine claims from Anaconda in 1981 and 
is currently mining the gold deposit at Mineral Hill in a 
joint venture with American Copper and Nickel Company. Ore 
reserves are 1,000,000 tons at a grade of 0.3 oz. Au/ton with 
a Au:Ag ratio about 6:1 (Cuthill et al., 1988). Exploration 
by the Jardine Joint Venture has concentrated on the Jardine 
area, including Crevasse Mountain, where minor lode gold 
mineralization occurs in quartz-biotite schists. 
Previous geological and geochemical studies in the 
Jardine area include the pioneering mineralogical and 
3 
structural study of Seager (1944). Brookins and Brown (1966) 
performed sulfur isotope studies on gold mineralized iron 
formation. Hallager (1980, 1984) and Stanley (1988) studied 
the mineralogy and geochemistry of the iron formation. 
Thurston (1986) examined the mineralogy, geochemistry and 
paleoenvironments of sedimentation of all Archean 
metasedimentary rocks in the southwestern Beartooth Mountains, 
including the Jardine area. Cuthill et ale (1988) conducted a 
structural analysis of the Mineral Hill mine, whereas 
Jablinski (1990) concentrated on the structure of the 
metasediments surrounding the Mineral Hill mine. In order to 
complement previous geochemical, mineralogical, petrological 
and structural studies, the present study has concentrated on 
fluid inclusion, stable isotope, and electron microprobe 
studies with the intention of determining: (I) the source of 
the ore-forming fluids and gold, and (2) the genetic 
relationship between gold mineralization and iron formation, 
alteration and metamorphism. 
4 
REGIONAL GEOLOGICAL SETTING 
The Beartooth Mountains are divided into four units: the 
Eastern Beartooth Block, the North Snowy Block, the South 
Snowy Block, and the Stillwater Complex (Condie, 1976; 
Peterman, 1981; Casella et al., 1982; Wooden et al., 
1988) (Figure 1). Because the four units differ significantly 
in structure, Mogk (1988) and Wooden et al. (1988) suggested 
that they were tectonically juxtaposed during the Late 
Archean. Archean rocks of three different ages have been 
identified: supracrustal rocks (3.2 to 4.0 b.y.), 
metasediments (2.9 to 3.1 b.y.), and granitoid rocks (2.7 to 
2.8 b.y.). U-Pb isotopic systematics of detrital zircons 2n 
quartzite from the Eastern Beartooth Block have shown them to 
have ages of 3.96 Ga (Mueller et al., 1992). The South Snowy 
Block, which contains lode gold mineralization in the Jardine 
area, consists of 2.9-3.1 b.y. old metasediments with minor 
intrusions of 2.7 b.y. old granitoid rocks (Casella et al., 
1982; Montgomery and Lytwyn, 1984; Wooden et al., 1988). 
Besides Archean rocks, Phanerozoic rocks are also present in 
the Beartooth Mountains. These are mainly Paleozoic and 
Mesozoic sedimentary rocks and Cenozoic volcanic rocks (Foose 
et al., 1961; Fraser et al., 1969). The Laramide orogeny 
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6 
uplifted the Archean rocks in the Beartooth Mountains to their 
current position. 
The supracrustal and metasedimentary rocks in the 
Beartooth Mountains have been regionally metamorphosed from 
greenschist to granulite facies and have undergone thermal 
metamorphism adjacent to igneous intrusions (Guy and Sinha, 
1988; Mogk and Henry, 1988). Granulite facies metamorphism 
(peak metamorphic temperature 750°-800°C, pressure 5-6 kb) is 
recorded only in large xenoliths of platform-type supracrustal 
rocks in the eastern Beartooth Mountains, whereas the upper 
amphibolite facies metamorphism (peak metamorphic temperatures 
575°-625°C, pressure around 4 kb) is widespread (Mogk and 
Henry, 1988). Metamorphism of upper greenschist to lower 
amphibolite facies is restricted to the South Snowy Block. 
Mogk and Henry (1988) identified at least two major 
phases of deformation in Archean rocks in the Beartooth 
Mountains. The first phase produced south-southwest-plunging 
isoclinal and intrafolial folds, while the second phase formed 
south-southwest- to south-plunging, upright, typically non-
isoclinal folds. 
7 
GEOLOGY OF THE JARDINE AREA 
Lithologies and Chronology 
Rocks exposed in the Jardine area are mainly Archean 
metasedimentary rocks, Archean quartz monzonite, Cenozoic 
volcanics and intrusions, and minor Paleozoic and Mesozoic 
sedimentary rocks (Figure 2). Archean metasediments are the 
most common rocks in the Jardine area, and are comprised of 
quartz-biotite schist, biotite schist, chlorite schist, and 
iron formation. Relict primary sedimentary structures include 
graded bedding, flame structures, and rip-up clasts, and 
suggest that the package is a turbidite sequence (Thurston, 
1986). The Crevasse Mountain monzonite lies south of the area 
and intruded the metasedimentary rocks. Brookins (1968) 
reported a Rb-Sr age of 2660±80 Ma whereas Montgomery and 
Lytwyn (1984) reported an age of emplacement of 2620 to 2760 
Ma. The metasedimentary rocks are believed to have been 
deposited at 2.9 to 3.1 b.y., based on the facts that they are 
older than the Crevasse Mountain monzonite, they are younger 
than 3.2 b.y. detrital zircons derived from the metasediments 
(Mueller, cited in Mogk, 1988), and they have a model Rb-Sr 
metamorphic age of 2.7 b.y. and a single model Sm-Nd 
provenance age of 2.9-3.1 b.y. (Montgomery and Lytwyn, 1984; 
Wooden et al., 1988). 
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9 
The metasediments are intruded by metadiabase dikes and 
sills of unknown age. The metadiabase is later than the most 
intense period of deformation but is still clearly 
metamorphosed, since actinolite and chlorite pseudomorph 
pyroxene phenocrysts. 
Paleozoic and Mesozoic rocks at Jardine are located 
primarily in the Laramide Gardiner fault zone, and include 
limestone, dolomite, mudstone, shale, siltstone, sandstone, 
quartzite and conglomerate. The WNW-ESE-trending high-angle 
Gardiner fault bounds Archean rocks in the north from 
Cretaceous rocks in the south (Fraser et al., 1969). Cenozoic 
extrusive and intrusive rocks are abundant. The extrusive 
rocks include dacitic and andesitic breccias and 
trachyandesite and basalt flows, whereas the intrusive rocks 
consist of dacitic and andesitic sills and stocks (Fraser et 
al., 1969). 
Major Lithologies 
Quartz-biotite schist with a biotite content of less than 
30% is by far the most common rock type. Quartz and biotite 
are associated with minor plagioclase, muscovite, sericite, 
chlorite, clinozoisite, and hornblende. Coarse quartz 
crystals are rare, and most show undulatory extinction. 
Polycrystalline quartz aggregates are common, especially in 
rocks with high contents of plagioclase and sericite. The 
10 
high proportion of matrix materials in quartz-biotite schists 
suggests that they were graywackes originally. Major, trace, 
and rare earth element studies by Thurston (1986) show they 
are similar to other Archean graywackes. 
Biotite schist contains more than 30% biotite. It is 
associated with quartz, garnet, chlorite, and hornblende, and 
very locally in drill core from Mineral Hill and Crevasse 
Mountain, with staurolite, andalusite, and sillimanite. 
Polycrystalline quartz aggregates are uncommon. Mudstone was 
the possible protolith. Major element studies by Hallager 
(1984) and.Thurston (1986) indicate that biotite schist is 
enriched in Al 203 , FeO, MgO, and K20, and depleted in Si02 , CaO, 
and Na20 compared to quartz-biotite schist. Trace and rare 
earth element studies by them suggest a dual felsic and mafic 
provenance for these schists. 
Chlorite schist is limited in distribution, but is found 
in contact with iron formation (Hallager, 1984). Although 
some chlorite associated with gold mineralization is 
hydrothermal in origin and occurs in the alteration halo, that 
in the chlorite schist is probably a primary metamorphic 
mineral, because replacement textures are not observed between 
chlorite and other minerals. Chlorite schist predominantly 
contains chlorite, quartz, garnet, and minor hornblende and 
ilmenite. 
11 
In the Jardine area, iron formation refers to rocks in 
which grunerite-hornblende, magnetite, or siderite is a major 
constituent. Silicate (grunerite-hornblende) facies iron 
formation is gold-bearing and is by far more abundant than the 
oxide (magnetite) or carbonate (siderite) facies iron 
formation. Oxide iron formation occurs locally at Bald 
Mountain (Jablinski, 1990) and Crevasse Mountain, and 
carbonate iron formation in one exposure at Mineral Hill 
(Hallager, 1984). Neither contains gold. Quartz is 
ubiquitous in all types of iron formation, and can account for 
up to half of the rock by volume. Each variety of iron 
formation is banded, with darker bands rich in iron minerals 
and lighter bands rich in quartz. In oxide facies iron 
formation, magnetite is associated with quartz, hornblende, 
and ilmenite, while in silicate facies iron formation, 
grunerite-hornblende and garnet are the most important 
minerals, with minor biotite, ilmenite, pyrrhotite, and 
arsenopyrite. In most samples of silicate iron formation, 
hornblende commonly forms irregular rims around cores of 
grunerite, suggesting a late- or post-metamorphic replacement 
of grunerite by hornblende. 
Compositional analyses (utilizing an ARL-SEMQ electron 
microscope) reveal that the "hornblende" in silicate facies 
iron formation at Jardine includes ferro-hornblende, ferro-
tschermakitic-hornblende, ferro-tschermakite, and magnesio-
12 
hornblende according to the classification scheme proposed by 
the International Mineralogical Association (Leake, 1978), 
whereas "grunerite" consists of a cummingtonite-grunerite 
solid'solution, with Mg/(Mg+Fe2+) ratios (from 0.22 to 0.42, 
average 0.29) around the cummingtonite-grunerite boundary 
(0.30). For convenience, in later discussion the term 
"hornblende" is used for all the calcic amphiboles, and 
ngrunerite" for ferro-magnesium amphiboles. 
Hornblende occurs both as rims around grunerite cores 
(Figures 3A and 4) and as isolated grains. Where both 
textural types exist in the same sample, the rims generally 
contain slightly higher Fe and Mg, and slightly lower AI, Ca, 
K, and Na than isolated grains (Table 1). Where hornblende 
occurs in alteration zones with sulfides, its composition is 
variable and typically contains lower Fe and AI, and higher Si 
and Mg than hornblende in the iron formation. All magnesio-
hornblendes are from alteration zones associated with 
sulfides. 
Grunerite occurs as matrix grains, locally rimmed by 
hornblende, and as inclusions in garnet. While the 
composition of grunerite is different from one sample to 
another, virtually identical compositions are exhibited by all 
grunerite grains in the same sample, regardless of their 
occurrence (Table 2). The replacement of grunerite by 
13 
hornblende may have introduced Na, Ca, and Al and released Mg, 
Si, and Fe according to the following equation: 
10 FesMg2Sia022(OH)2 + 3 Na+ + 20 Ca2+ + 25 A13+ == 
Grunerite 
10 NaO.3Ca~glFe3A12.5Si6.5022 (OHh + 10 Mg2+ + 20 Fe2+ +15 si 4+ (1) 
Hornblende 
Iron released from this conversion may have combined with S 
and/or As to form arsenopyrite and to precipitate native gold: 
FeAsS + 
Arsenopyrite 
Au (native gold) 
The compositions of grunerite and hornblende used 1n 
(2) 
equation {1} are the averages of these minerals in the iron 
formation at Jardine as revealed by microprobe analyses 
(Tables 1 and 2). Biotite from iron formation is Fe-rich with 
Fe/Mg > 1 (Table 3) . 
Bulk FeO and Al20 3 contents vary from 13.5 to 35.5 wt% and 
14.1 to 4.46 wt%, respectively (Casella et al., 1982; 
Hallager, 1984; Stanley, 1986). While Al203 shows an 1nverse 
correlation with FeO content, no such correlation occurs 
between other oxides and FeO content. The high Co, Ni, and Cu 
contents of iron formation are similar to those of biotite 
schists and suggest a mafic input (Hallager, 1984; Stanley, 
1988). However, Stanley (1988) also showed that 1ron 
formation also contains high Ti, Th, Hf, and Sc, suggesting 
active felsic exhalative volcanism during deposition of the 
iron formation. Rare earth element patterns of the iron 
14 
Table 1. Electron microprobe analyses of hornblende 
from iron formation at Jardine, Montana 
=============================================================== 
Sample 07 
Location- 71699 
230 
Occurrence 
13 
74769 
409 
isolated isolated 
Oxides (wt%) 
Si02 44.30 
Ti02 0.25 
Al203 12.38 
Fe203b 1.93 
FeO 18.91 
MnO 0.52 
MgO 7.62 
CaO 11. 68 
K20 0.38 
Na20 0.88 
Totals 98.85 
41.64 
0.24 
15.73 
1.49 
21.38 
0.22 
4.93 
11.54 
0.50 
1.24 
98.91 
14 
74769 
410 
14 
74769 
410 
rim isolated 
40.54 
0.23 
16.00 
1.89 
22.87 
0.20 
3.88 
11.29 
0.56 
1.28 
98.74 
41.03 
0.16 
16.56 
1.63 
22.53 
0.19 
3.88 
11.29 
0.59 
1.29 
99.15 
15 
74769 
411 
15 
74769 
411 
23 
71700 
155 
rim isolated isolated 
40.87 
0.16 
14.90 
2.69 
25.03 
0.18 
2.68 
10.51 
0.61 
1.16 
98.79 
39.54 
0.23 
16.57 
1.46 
24.85 
0.09 
2.27 
11.34 
0.66 
1.21 
98.22 
39.95 
0.17 
17.31 
0.80 
21.25 
0.21 
4.19 
11.72 
0.55 
1.44 
97.59 
Number of ions in formula based on 23 oxygens 
si 6.536 
Ti 0.028 
Al 2.152 
Fe3+ 0.214 
Fe 2.330 
Mn 0.065 
Mg 1. 675 
Ca 1. 874 
K 0.073 
Na 0.255 
6.233 
0.027 
2.774 
0.167 
2.672 
0.028 
1.099 
1.872 
0.097 
0.364 
6.126 
0.026 
2.849 
0.215 
2.885 
0.026 
0.873 
1.856 
0.110 
0.381 
6.157 
0.018 
2.928 
0.183 
2.822 
0.024 
0.867 
1.839 
0.114 
0.380 
6.206 
0.018 
2.666 
0.307 
3.173 
0.023 
0.606 
1. 747 
0.121 
0.349 
6.081 
0.027 
3.003 
0.169 
3.190 
0.012 
0.520 
1.891 
0.131 
0.365 
6.093 
0.019 
3.111 
0.091 
2.706 
0.027 
0.952 
1.927 
0.108 
0.428 
=============================================================== 
15 
Table 1. (Continued) 
=============================================================== 
Sample 26 104 118 118 141 144 165 
---------------------------------------------------------------
LocationA 80011 80033 60003 60003 60003 60003 60007 
28 83 92 92 215 223 294 
Occurrence 
isolated isolated isolated rim isolated isolated rim 
Oxides (wt%) 
Si02 41.47 40.36 41.01 43.30 40.00 40.31 42.60 
Ti02 0.36 0.20 0.27 0.19 0.28 0.28 0.20 
A1203 15.16 17.94 15.37 10.93 14.59 13 .15 13.66 
Fe203b 1.86 1.71 0.98 5.16 1. 74 1.65 3.89 
FeO 22.40 22.24 23.96 23.42 25.23 25.18 23.46 
MnO 0.05 0.02 0.28 0.40 0.17 0.17 0.04 
MgO 4.37 3.15 3.13 4.73 2.88 3.30 4.06 
CaO 11.41 11.01 11.46 9.07 11.58 11.54 9.83 
K20 0.28 0.39 0.51 0.40 0.48 0.53 0.39 
Na20 1.01 1.12 1.31 0.93 1.13 1.12 0.96 
----------
Totals 98.37 98.14 98.28 98.53 98.08 97.23 99.09 
---------------------------------------------------------------
Number of ions in formula based on 23 oxygens 
Si 6.250 
Ti 0.041 
Al 2.692 
Fe3+ 0.211 
Fe 2.819 
Mn 0.006 
Mg 0.981 
Ca 1. 870 
K 0.055 
Na 0.299 
6.086 
0.023 
3.188 
0.194 
2.800 
0.003 
0.708 
1.803 
0.076 
0.332 
6.275 
0.031 
2.771 
0.113 
3.060 
0.036 
0.713 
1.893 
0.100 
0.392 
6.460 
0.021 
1.921 
0.579 
2.917 
0.051 
1.051 
1.511 
0.079 
0.280 
6.176 
0.032 
2.654 
0.202 
3.251 
0.022 
0.662 
1.943 
0.096 
0.343 
6.288 
0.033 
2.417 
0.194 
3.279 
0.022 
0.767 
1.955 
0.107 
0.343 
6.334 
0.022 
2.393 
0.434 
2.912 
0.005 
0.899 
1.615 
0.076 
0.285 
=============================================================== 
a First row: drill hole number; second row: depth (feet); 
Sample 26 is from Crevasse Mountain; all the others from 
Mineral Hill. 
b Calculated from microprobe analyses according to the 
method of Trzcienski et al. (1984). 
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Table 2. Electron microprobe analyses of grunerite 
from iron formation at Jardine, Montana 
-------------------------------------------------------
-------------------------------------------------------
Sample 14 
Locationa 74769 
410 
Occurrence 
15 
74769 
411 
16 
74769 
415 
16 
74769 
415 
26 
80011 
28 
29 
80011 
87 
core core inclsn isolated inclsn isolated 
Oxides (wt%) 
Si02 51.33 
Ti02 
A1203 
Fe203 b 
FeO 
MIlO 
MgO 
CaO 
K20 
Na20 
Totals 
0.02 
0.57 
0.07 
35.62 
0.89 
9.24 
0.62 
0.01 
0.01 
98.38 
50.41 
0.01 
0.35 
0.00 
39.78 
0.50 
6.30 
0.45 
0.01 
0.00 
97.81 
51.01 
0.02 
0.63 
0.05 
37.67 
0.63 
8.04 
0.55 
0.02 
0.02 
98.64 
50.86 
0.01 
0.80 
0.10 
37.16 
0.59 
8.17 
0.66 
0.03 
0.03 
98.41 
51.05 
0.01 
0.54 
0.34 
36.08 
0.34 
9.28 
0.69 
0.02 
0.02 
98.37 
Number of ions 1n formula based on 23 oxygens 
Si 7.935 
Ti 0.002 
Al 0.104 
Fe3+ 0.009 
Fe 4.598 
MIl 0.117 
Mg 2.128 
Ca 0.103 
K 0.002 
Na 0.003 
8.015 
0.001 
0.066 
0.000 
5.280 
0.067 
1.492 
0.077 
0.002 
0.000 
7.935 
0.002 
0.115 
0.006 
4.893 
0.083 
1.863 
0.092 
0.004 
0.006 
7.915 
0.001 
0.147 
0.012 
4.828 
0.078 
1.894 
0.110 
0.006 
0.009 
7.896 
0.001 
0.098 
0.039 
4.659 
0.045 
2.138 
0.114 
0.004 
0.006 
51.87 
0.01 
0.93 
0.28 
31.52 
0.13 
12.56 
0.49 
0.00 
0.01 
97.80 
7.870 
0.001 
0.166 
0.031 
3.993 
0.017 
2.839 
0.080 
0.000 
0.003 
======================================================= 
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Table 2. (Continued) 
-------------------------------------------------------
-------------------------------------------------------
Sample 104 104 118 141 165 165 
-------------------------------------------------------
Locationa 80033 80033 60003 60003 60007 60007 
28 83 92 215 294 294 
Occurrence 
inclsn isolated core isolated core inclsn 
Oxides (wt%) 
Si02 51.17 51.38 52.23 49.53 51.23 50.85 
Ti02 0.02 0.01 0.03 0.02 0.02 0.02 
Al203 0.65 0.68 0.39 0.36 0.49 0.46 
Fe203 b 0.00 0.00 0.00 0.55 0.00 0.03 
FeO 36.24 36.82 36.12 39.41 37.92 37.94 
MnO 0.05 0.05 0.91 0.61 0.02 0.07 
MgO 9.18 9.06 8.01 6.61 8.23 8.21 
CaO 0.41 0.38 0.66 0.64 0.48 0.46 
K20 0.01 0.01 0.01 0.02 0.01 0.01 
Na20 0.02 0.01 0.00 0.02 0.00 0.01 
----------
Totals 97.75 98.40 98.36 97.75 98.40 98.06 
-------------------------------------------------------
Number of ions in formula based on 23 oxygens 
Si 7.961 7.953 8.136 7.871 7.981 7.952 
Ti 0.002 0.001 0.004 0.002 0.002 0.002 
Al 0.119 0.124 0.072 0.067 0.090 0.085 
Fe3+ 0.000 0.000 0.000 0.065 0.000 0.004 
Fe 4.707 4.758 4.698 5.228 4.932 4.953 
Mn 0.007 0.007 0.120 0.082 0.003 0.009 
Mg 2.127 2.089 1.859 1.565 1.910 1.912 
Ca 0.068 0.063 0.110 0.109 0.080 0.077 
K 0.002 0.002 0.002 0.004 0.002 0.002 
Na 0.006 0.003 0.000 0.006 0.000 0.003 
-------------------------------------------------------
-------------------------------------------------------
a First row: drill hole number; second row: depth 
(feet); Samples 26 and 29 are from Crevasse Mountain; 
all the others from Mineral Hill. 
b Calculated from microprobe analyses by assuming 
charge balance in the formula. 
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Figure 3. Grunerite (Gr) replaced by hornblende (Hb) in a 
matrix of biotite (Bt) and quartz (Qz). 
Transmitted light. Scale bar = 0.28 mm. B. 
Stratabound arsenopyrite-gold mineralization 
(photo provided by David Oliver). C. Quartz-
arsenopyrite pods cross-cutting bedding and the 
regional foliation in iron formation (photo 
provided by David Oliver). D. Hydrothermal 
chlorite-arsenopyrite alteration around 
stratabound ore. E. An arsenopyrite skeleton from 
stratiform ore. As: arsenopyrite; Po: pyrrhotite; 
dark gray: silicates. Reflected light. Scale bar = 
0.4 mm. F. A filled arsenopyrite skeleton from 
stratiform ore. As: arsenopyrite; Po: pyrrhotite; 
dark: silicates; Au: native gold. Reflected light. 
Scale bar = 0.14 mm. 
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Table 3. Electron microprobe analyses of biotite 
from silicate facies iron formation 
at Mineral Hill 
--------------------------------------------------------
--------------------------------------------------------
Sample 07 
Locationa 71699 
230 
Oxides (wt%) 
Si02 35.00 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
K20 
Na20 
Totals 
1.69 
17.87 
24.38 
0.13 
9.24 
0.30 
8.21 
0.07 
96.89 
13 14 
74769 74769 
409 410 
36.77 34.58 
1.11 1.29 
16.99 17.11 
25.34 28.70 
0.12 0.01 
6.73 6.54 
0.10 
9.42 
0.01 
96.59 
0.31 
8.63 
0.06 
97.23 
16 
74769 
415 
34.44 
1.17 
17.04 
30.66 
0.01 
5.56 
0.33 
8.56 
0.04 
97.81 
23 
71700 
155 
35.08 
1.27 
17.35 
26.32 
0.02 
8.07 
0.42 
8.31 
0.08 
96.92 
Number of ions ~n formula based on 11 oxygens 
Si 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
K 
Na 
2.674 
0.097 
1.609 
1.555 
0.008 
1.052 
0.025 
0.800 
0.010 
2.836 
0.064 
1.544 
1. 631 
0.008 
0.773 
0.008 
0.926 
0.001 
2.699 
0.076 
1.573 
1.870 
0.001 
0.760 
0.026 
0.859 
0.009 
2.696 
0.069 
1.572 
2.004 
0.001 
0.648 
0.028 
0.855 
0.006 
2.707 
0.074 
1.577 
1.695 
0.001 
0.927 
0.035 
0.818 
0.012 
104 
80033 
83 
34.00 
1.86 
17.81 
28.23 
0.03 
6.35 
0.24 
8.88 
0.01 
97.41 
2.648 
0.109 
1.634 
1.835 
0.002 
0.737 
0.020 
0.882 
0.002 
--------------------------------------------------------
--------------------------------------------------------
a First row: drill hole number; second row: depth (feet). 
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formation in Jardine show weak to medium negative Eu anomalies 
(Thurston, 1986; Stanley, 1988). This differs from most other 
Archean iron formations, which typically have positive Eu 
anomalies (Wyman et al., 1986; Saager et al., 1987; Oberthur 
et al., 1990). Although two samples with relatively low total 
REE contents and La/Yb ratios suggest the involvement of mafic 
materials (Thurston, 1986), all samples with negative Eu 
anomalies and three samples with relatively high total REE 
content and La/Yb ratios suggest the influence of felsic 
sources (Stanley, 1988). 
Structural Geology 
Three stages of folding have affected the Jardine area 
including the Mineral Hill mine (Figure 5) (Hallager, 1984; 
Thurston, 1986; Cuthill et al., 1988; Jablinski, 1990). A 
regional north-northeast trending schistosity (Sl)' dipping 
20°-60° in either direction perpendicular to the strike 
(Seager, 1944) represents the first and most intense fold 
episode. This fold episode is isoclinal since the schistosity 
is parallel to bedding (So), Boudins of quartz, and garnet 
growth along Sl schistosity also developed during the first 
fold event (F1 ). Quartz, arsenopyrite and gold crystallized 
as selvedges to quartz boudins and fractures concordant and 
discordant to Sl in Fl hinge zones (Cuthill et al., 1988). 
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Subsequent fold events produced closed to gentle upright 
folds, with the second generation folds (F2 ) coaxial with the 
first. The third generation folds (F) strike west-northwest. 
Microstructural studies indicate that the peak metamorphism 
occurred during or shortly after the first fold event, and 
clearly before the second fold event (Jablinski, 1990). 
The Laramide Gardiner fault is a major normal fault zone 
about 5 miles south of Jardine; other faults are relatively 
small in scale and are also assumed to be Laramide in age 
(Cuthill et al., 1988). At Mineral Hill, the ore is offset by 
the Bear Gulch Fault and bounded by the East Fault to the 
east. Both are west dipping normal faults (Cuthill et al., 
1988) . 
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METAMORPHIC CONDITIONS IN THE JARDINE AREA 
Thurston (1986) proposed that the peak pressure and 
temperature of metamorphism in the South Snowy Block, 
including the Jardine area, was 3.8 kb and 550°C. These 
conditions were constrained by two reactions involving 
chlorite, muscovite, biotite, quartz, staurolite and 
andalusite. Utilizing the software package GEO-CALC, 
Jablinski (1990) estimated the peak pressure and temperature 
to be 2.9 kb and 560°C based on two samples from Bald Mountain 
containing staurolite+quartz+muscovite+andalusite+biotite+ 
sillimanite and biotite+garnet+staurolite+quartz, 
respectively. 
Mineral assemblages of metasedimentary rocks in the 
Jardine area permit application of garnet-biotite, garnet-
chlorite, and garnet-ilmenite geothermometers. The mineralogy 
and location of 28 samples chosen for geothermometric analysis 
are listed in Table 4. 
Electron microprobe analyses of garnet, biotite, 
chlorite, and ilmenite are listed in Tables 5-8. Standards 
used for all these minerals were jadeite for Na and microcline 
for K. Other standards for garnet were synthetic garnet for 
Fe, Mn, and AI, and hornblende for Si, Ti, Mg, and Ca. 
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Table 4. Mineral assemblages of samples utilized 
for"geothermometrya 
========~============================================================================== 
Sample Locations Quartz Biotite Chlorite Garnet Ilmenite Amphibole- Plagioclase 
PS27 MH OS +++ ++++ + +++ +(h) + 
PS28 MH DS ++ ++++ +c +++ +(h) 
PS31 MH OS +++ ++++ +-++c +++ Trace ++(h) 
PS32 MH OS ++ ++++ +++ 
PS35 MH OS + ... +++ ++c ++++ Trace +(h) 
PS36 MH DS + ++++ +c +++ + 
PS37 MH OS ++++ ++++ +c ++ 
PS38 MH OS +++ ++++ +++ ++ 
02 MH 71699 216' ++++ +++ ++ ++ 
OS MH 71699 223' + ++++ ++ ++++ 
08 MH 71699 232' ++++ Trace ++++ ++++ 
28 CM 80011 28' ++++ +++ ++ ++++(h) 
29 CM 80011 87' +++ ++++ Trace ++++(h&g) 
34 CM 80011 260' ++++ ++ ++c ++++ Trace + 
35 CM 80011 270' ++++ ++++ Trace +++(g) 
37 CM 80011 294' ++++ +++ ++++ Trace ++++(h) 
102 MH 80033 71' ++ ++++ ++++ Trace +(h) 
103 MH 80033 74' ++++ ++++ ++++ Trace + (q) 
104 MH 80033 83' ++ + .. ++ + .... Trace ++ .... (h&q) 
139 MH 60003 211' ++++ ++++ .... +(h) 
148 MH 60003 237' +++ ++ .. ++ ++++ Trace +++(h&g) 
150 MH 60003 243' ++++ ++++ .. ++ .. (h) 
165 MH 60007 294' ++++ .. + ++ Trace ++++ (h&q) 
167 MH 60007 310' ++++ ++ Trace ++++(h&g) 
193 MH 60008 358' ++++ ++++ + + 
200 MH 60008 403' ++++ + + Trace ++++(h&g) 
============================================================~========================== 
• Trace present but < a; + 1-5": ++ 5-10": +++ 10-20": ++++ >20": 
• h--hornblende; g-grunerite; 
C some al tered from biotite; 
MH Mineral Hill, followed by DS (dump sample) and diamond drill hole number and depth; 
CM Crevasse Mountain, followed by diamond drill hole number and depth. 
Standards for biotite and chlorite were hornblende for Si, Ti, 
AI, Fe, Mg, and Ca, and synthetic garnet for Mn. The 
standards for ilmenite were chromite for Cr, ilmenite for Ti, 
Fe, and Mn, hornblende for Ca, Mg, Si, and AI, and gahnite for 
Zn. 
For each mineral pa1r, two to four coexisting grains were 
chosen for analyses. Two to four analyses were averaged for 
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each grain at the point of mutual contact. For biotites in 
some samples partially altered to chlorite, more than four 
points were analyzed. Mineral compositions in Table 5 to 
Table 8 represent the averages of all grains in each sample. 
In some samples, both garnet-ilmenite and garnet-biotite or 
garnet-chlorite geothermometers were applied. Garnets were 
analyzed separately for each geother.mometer. 
Spot analyses revealed that biotite, chlorite, and 
ilmenite are homogeneous in composition. However, garnet is 
weakly zoned in Mn content. Typically, garnet cores contain 
slightly higher Mn than rims, while other major elements are 
slightly variable but show no consistent zonation pattern. 
The width of the rims is usually from 0.5 to 1.5 mm, about one 
fourth to one third of the radii of the garnet grains. Since 
the microprobe data of garnets for garnet-biotite 
geothermometry were obtained less than 0.2 rom away from the 
contact with biotite, the Mn zoning should have no significant 
effect on the temperatures obtained by garnet-biotite 
geothermometry. 
Garnet-Biotite Geothermometry 
The garnet-biotite geothermometer is based on the 
exchange of Fe and Mg between coexisting biotite and garnet 
for the following reaction: 
Mg-biotite + Fe-garnet ~ Fe-biotite + Mg-garnet (3) 
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The equilibrium constant (KD) for the reaction is 
(Mg/Fe) garnet/ (Mg/Fe) biotite. At least 15 calibrations of the 
geothermometer have been proposed. Thoenem (1989) noted 13 
calibrations, and two new calibrations have been described 
since his study (e.g. Williams and Grambling, 1990; Dasgupta 
et al., 1991). Several calibrations consider KD only (e.g. 
Thompson, 1976; Holdaway and Lee, 1977; Ferry and Spear, 1978; 
Perchuk and Lavrenteva, 1983). Several other calibrations, 
however, consider non-ideal mixing in garnet or biotite and 
effects of other elements in garnet (e.g. Ca and Mn) and 
biotite (e.g. Al and Ti) . 
Although there is considerable experimental evidence for 
non-ideal mixing of several components in garnet, Chip era and 
Perkins (1988) deduced that calibrations based solely on KD 
produced the most precise results. Therefore, the data 
primarily considered here are those obtained from these 
calibrations (Thompson, 1976; Holdaway and Lee, 1977; Ferry 
and Spear, 1978; Perchuk and Lavrenteva, 1983). The 
temperatures obtained from Williams and Grambling's (1990) 
calibration in addition to the four calibrations based on KD 
only are listed in Table 9 and plotted in Figure 6. The data 
obtained from the calibration of Williams and Grambling (1990) 
were included for comparative purposes because it assumes non-
ideal mixing between garnet components and yields the most 
similar average temperature to those obtained from 
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Table 5. Compositions of garnet utilized for 
geothermometry 
=============================================================== 
garnet-biotite geothermometry 
Sample PS27 PS28 PS31 PS32 
Oxides (wt%) 
Si02 37.51 37.66 37.96 
Ti02 0.03 0.04 0.05 
A1203 
FeO 
MnO 
MgO 
CaO 
K20 
Na20 
20.58 
34.63 
0.56 
1. 62 
5.16 
0.03 
0.01 
20.51 
36.19 
0.45 
1. 62 
4.10 
0.03 
0.04 
20.29 
34.99 
0.73 
1.55 
4.33 
0.04 
0.01 
37.48 
0.04 
20.87 
33.22 
2.25 
1.38 
5.29 
0.03 
0.00 
PS35 
37.77 
0.05 
20.57 
31.66 
2.52 
1.44 
6.25 
0.03 
0.02 
PS36 
37.46 
0.03 
20.74 
35.72 
0.26 
1.85 
4.18 
0.03 
0.00 
PS37 
37.14 
0.05 
21.13 
36.14 
0.37 
1.65 
4.24 
0.01 
0.01 
Totals 100.13 100.64 99.95 100.56 100.31 100.27 100.74 
Number of ions in formula based on 12 oxygens 
si 
Ti 
Al 
Fe 
Mn 
Mg 
Ca 
K 
Na 
3.025 
0.002 
1.956 
2.332 
0.038 
0.195 
0.446 
0.003 
0.002 
Mole fractions 
Gros 
Spes 
Pyro 
Alma 
Andr 
0.128 
0.013 
0.066 
0.771 
0.022 
3.031 
0.002 
1.945 
2.432 
0.031 
0.194 
0.353 
0.003 
0.006 
0.092 
0.010 
0.066 
0.804 
0.028 
3.064 
0.003 
1.930 
2.358 
0.050 
0.186 
0.374 
0.004 
0.002 
0.093 
0.017 
0.064 
0.789 
0.036 
3.013 
0.002 
1.977 
2.229 
0.153 
0.165 
0.455 
0.003 
0.000 
0.141 
0.051 
0.055 
0.740 
0.012 
3.033 
0.003 
1.947 
2.123 
0.171 
0.172 
0.538 
0.003 
0.003 
0.155 
0.058 
0.058 
0.701 
0.027 
3.019 
0.002 
1.969 
2.403 
0.018 
0.222 
0.361 
0.003 
0.000 
0.106 
0.006 
0.075 
0.798 
0.015 
2.987 
0.003 
1.990 
2.427 
0.025 
0.198 
0.365 
0.001 
0.002 
0.116 
0.008 
0.066 
0.804 
0.005 
=============================================================== 
30 
Table 5. (Continued) 
=============================================================== 
Sample PS38 02 05 28 34 139 148 
---------------------------------------------------------------
Oxides (wt%) 
si02 37.63 37.57 37.28 37.53 37.25 38.11 37.34 
Tio2 0.02 0.03 0.07 0.09 0.05 0.01 0.04 
A1203 20.33 20.81 20.53 20.38 20.99 20.70 20.34 
FeO 35.49 28.57 28.06 24.97 36.31 34.03 34.92 
MnO 0.30 6.46 4.67 8.91 0.29 2.08 1.09 
MgO 1. 79 2.20 1.88 1.21 2.55 1.74 0.87 
CaO 4.50 4.20 5.13 7.14 2.49 3.25 4.95 
K20 0.03 0.03 0.02 0.03 0.02 0.05 0.03 
Na20 0.01 0.01 0.03 0.00 0.00 0.03 0.02 
---------
Totals 100.10 99.88 97.67 100.26 99.95 100.00 99.60 
---------------------------------------------------------------
Number of ions in formula based on 12 oxygens 
si 3.038 3.024 3.050 3.021 3.006 3.067 3.040 
Ti 0.001 0.002 0.004 0.005 0.003 0.001 0.002 
Al 1.934 1.974 1.979 1.933 1.996 1.963 1.951 
Fe 2.392 1.920 1.917 1.678 2.446 2.286 2.373 
Mn 0.021 0.440 0.324 0.608 0.020 0.142 0.075 
Mg 0.215 0.264 0.229 0.145 0.307 0.209 0.106 
Ca 0.389 0.362 0.450 0.616 0.215 0.280 0.432 
K 0.003 0.003 0.002 0.003 0.002 0.005 0.003 
Na 0.002 0.002 0.005 0.000 0.000 0.005 0.003 
Mole fractions 
Gros 0.098 0.109 0.144 0.173 0.070 0.078 0.122 
Spes 0.007 0.149 0.112 0.204 0.007 0.049 0.026 
Pyro 0.073 0.089 0.079 0.049 0.103 0.072 0.036 
Alma 0.788 0.640 0.654 0.541 0.818 0.781 0.792 
Andr 0.033 0.013 0.011 0.034 0.002 0.019 0.025 
=============================================================== 
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Table 5. (Continued) 
=============================================================== 
garnet-chlorite garnet-
geothermometry 
Sample 150 193 08 102 103 PS31 29 
---------------------------------------------------------------
Oxides (wt%) 
si02 37.28 37.04 37.78 37.58 37.15 37.00 37.46 
Ti02 0.03 0.02 0.02 0.04 0.05 0.20 0.22 
Al203 20.64 20.86 20.99 20.99 20.95 20.61 21.13 
FeO 34.08 34.79 35.51 35.78 35.67 34.60 33.96 
MnO 1.45 2.73 0.35 0.30 0.30 0.88 0.74 
MgO 1.83 1.61 2.64 1.53 1.49 1.52 2.10 
CaO 4.10 2.81 2.43 4.27 4.50 4.89 4.80 
K20 0.04 0.04 0.02 0.02 0.02 0.01 0.02 
Na20 0.01 0.02 0.01 0.01 0.01 0.01 0.02 
----------
Totals 99.46 99.92 99.75 100.52 100.14 99.72 100.45 
---------------------------------------------------------------
Number of ions in formula based on 12 oxygens 
Si 3.024 3.008 3.039 3.020 3.002 3.002 2.999 
Ti 0.002 0.001 0.001 0.002 0.003 0.012 0.013 
Al 1.973 1.996 1.989 1.988 1.995 1.971 1.993 
Fe 2.308 2.358 2.385 2.401 2.406 2.344 2.270 
Mn 0.100 0.188 0.024 0.020 0.021 0.060 0.050 
Mg 0.221 0.195 0.316 0.183 0.179 0.184 0.250 
Ca 0.356 0.244 0.209 0.368 0.389 0.425 0.412 
K 0.004 0.004 0.002 0.002 0.002 0.001 0.002 
Na 0.002 0.003 0.002 0.002 0.002 0.002 0.003 
Mole fractions 
Gros 0.107 0.080 0.066 0.118 0.128 0.128 0.135 
Spes 0.034 0.063 0.008 0.007 0.007 0.020 0.017 
Pyro 0.075 0.065 0.108 0.062 0.060 0.062 0.084 
Alma 0.771 0.790 0.812 0.807 0.803 0.776 0.761 
Andr 0.014 0.002 0.005 0.006 0.003 0.015 0.004 
==================================;============================ 
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Table 5. (Continued) 
---------------------------------------------------------------
---------------------------------------------------------------
ilmenite geothermometry 
Sample 29.4 34 35 37 102 103 104 
---------------------------------------------------------------
Oxides (wt%) 
Si02 37.02 37.53 38.14 37.17 37.38 37.10 36.77 
Tio2 0.39 0.23 0.13 0.21 0.25 0.24 0.16 
A1203 21.12 20.77 20.97 21.14 20.90 21.02 20.72 
FeO 34.30 35.45 34.74 34.17 35.74 35.40 35.96 
MnO 0.88 1.34 0.27 0.92 0.33 0.68 1.01 
MgO 2.17 2.44 2.10 2.05 1.48 1.44 1.13 
CaO 4.16 2.65 4.09 4.29 4.23 4.49 4.47 
K20 0.02 0.01 0.02 0.02 0.02 0.02 0.02 
Na,20 0.04 0.03 0.02 0.01 0.02 0.01 0.01 
---------
Totals 100.10 100.45 100.48 99.98 100.35 100.40 100.25 
---------------------------------------------------------------
Number of ions in formula based on 12 oxygens 
si 2.980 3.015 3.045 2.994 3.011 2.992 2.986 
Ti 0.024 0.014 0.008 0.013 0.015 0.015 0.010 
Al 1.983 1.966 1.973 2.000 1.984 1.989 1.969 
Fe 2.305 2.378 2.315 2.298 2.404 2.383 2.438 
Mn 0.060 0.091 0.018 0.063 0.023 0.046 0.069 
Mg 0.260 0.292 0.250 0.246 0.178 0.173 0.137 
Ca 0.359 0.228 0.350 0.370 0.365 0.388 0.389 
K 0.002 0.001 0.002 0.002 0.002 0.002 0.002 
Na 0.006 0.005 0.003 0.002 0.003 0.002 0.002 
Mole fractions 
Gros 0.112 0.060 0.106 0.124 0.115 0.124 0.114 
Spes 0.020 0.031 0.006 0.021 0.008 0.016 0.023 
Pyro 0.088 0.099 0.086 0.083 0.060 0.058 0.046 
Alma 0.771 0.793 0.787 0.772 0.809 0.796 0.802 
Andr 0.008 0.017 0.014 0.000 0.008 0.006 0.016 
=============================================================== 
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Table 5. (Continued) 
--------------------------------------------
--------------------------------------------
Sample 165 167 200 
--------------------------------------------
Oxides (wt%) 
Si02 36.93 37.27 37.10 
Ti02 0.37 0.13 0.30 
Al203 20.90 20.00 19.95 
FeO 34.71 35.61 35.70 
MnO 0.57 0.72 0.84 
MgO 0.98 1.36 0.80 
CaO 5.17 4.43 5.04 
K20 0.02 0.01 0.00 
Na20 0.02 0.00 0.01 
----------
Totals 99.67 99.53 99.74 
--------------------------------------------
Number of ions in formula based 
on 12 oxygens 
Si 2.997 3.038 3.028 
Ti 0.023 0.008 0.018 
Al 1. 996 1.921 1.919 
Fe 2.352 2.424 2.433 
Mn 0.039 0.050 0.058 
Mg 0.118 0.165 0.097 
Ca 0.449 0.387 0.441 
K 0.002 0.001 0.001 
Na 0.003 0.000 0.000 
Mole fractions 
Gros 0.150 0.091 0.108 
Spes 0.013 0.017 0.020 
Pyro 0.040 0.056 0.033 
Alma 0.795 0.796 0.798 
Andr 0.002 0.040 0.041 
============================================ 
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Table 6. Compositions of biotite utilized for garnet-
biotite geothermometry 
======================================================= 
Sample PS27 PS28 PS31 PS32 PS35 PS36 
-------------------------------------------------------
Oxides (wt%) 
Si02 34.58 35.01 34.76 34.65 35.06 34.97 
Ti02 0.58 0.85 1.56 1.09 1.57 0.68 
Al203 19.00 18.65 17.08 17.70 17.70 18.00 
FeO 25.98 25.01 27.69 27.54 27.05 27.00 
MnO 0.02 0.01 0.06 0.06 0.07 0.01 
MgO 7.70 7.83 7.00 7.33 6.83 7.76 
CaO 0.06 0.08 0.14 0.11 0.10 0.19 
K20 9.18 9.15 9.05 9.01 9.22 8.56 
Na20 0.08 0.08 0.03 0.04 0.03 0.07 
--------
Totals 97.18 96.67 97.37 97.53 97.63 97.24 
Number of ions ln formula based on 11 oxygens 
Si 2.664 2.697 2.700 2.683 2.705 2.697 
Ti 0.034 0.049 0.091 0.063 0.091 0.039 
Al 1.725 1.693 1.563 1.615 1.609 1.636 
Fe 1.671 1.608 1.796 1.780 1.742 1.739 
Mn 0.001 0.001 0.004 0.004 0.005 0.001 
Mg 0.884 0.898 0.810 0.845 0.785 0.892 
Ca 0.005 0.007 0.012 0.009 0.008 0.016 
K 0.902 0.899 0.896 0.889 0.907 0.842 
Na 0.012 0.012 0.005 0.006 0.004 0.010 
-------------------------------------------------------
-------------------------------------------------------
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Table 6. (Continued) 
======================================================= 
Sample PS37 PS38 02 05 28 34 
-------------------------------------------------------
Oxides (wt%) 
Si02 34.24 35.02 35.58 35.37 33.44 35.38 
Ti02 1.13 0.67 0.89 1.20 1.83 1.58 
A1203 17.54 18.08 18.74 17.43 18.55 18.57 
FeO 27.26 25.91 19.65 22.20 23.61 21.83 
MnO 0.04 0.04 0.20 0.19 0.27 0.01 
MgO 7.46 8.11 10.73 10.00 9.27 9.72 
CaO 0.36 0.16 0.04 0.07 0.35 0.07 
K20 8.02 8.96 9.32 8.85 8.32 9.13 
Na20 0.06 0.05 0.06 0.07 0.04 0.10 
----------
Totals 96.11 97.00 95.21 95.38 95.68 96.39 
-------------------------------------------------------
Number of ions in formula based on 11 oxygens 
Si 2.678 2.700 2.714 2.726 2.593 2.690 
Ti 0.066 0.039 0.051 0.070 0.107 0.090 
Al 1.617 1.642 1.684 1.583 1.695 1.664 
Fe 1.780 1.668 1.251 1.428 1.528 1.386 
Mn 0.003 0.003 0.013 0.012 0.018 0.001 
Mg 0.869 0.931 1.219 1.148 1.071 1.101 
Ca 0.030 0.013 0.003 0.006 0.029 0.006 
K 0.800 0.881 0.906 0.870 0.823 0.885 
Na 0.009 0.007 0.009 0.010 0.006 0.015 
======================================================= 
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Table 6. (Continued) 
--------------------------------------------
--------------------------------------------
Sample 139 
Oxides (wt%) 
Si02 
Ti02 
Al203 
FeO 
MnO 
MgO 
CaO 
K20 
Na20 
Totals 
34.94 
0.94 
20.39 
23.18 
0.11 
8.12 
0.17 
9.24 
0.10 
97.19 
148 
33.56 
1.59 
16.90 
30.33 
0.05 
4.97 
0.18 
8.76 
0.02 
96.36 
150 
34.89 
0.97 
20.12 
24.01 
0.06 
8.07 
0.14 
9.24 
0.04 
97.54 
Number of ions in formula based on 11 
oxygens 
Si 
Ti 
Al 
Fe 
MIl 
Mg 
Ca 
K 
Na 
2.650 
0.054 
1.822 
1.468 
0.007 
0.917 
0.014 
0.894 
0.015 
2.676 
0.095 
1.588 
2.019 
0.003 
0.590 
0.015 
0.891 
0.003 
2.647 
0.055 
1.799 
1.521 
0.004 
0.912 
0.011 
0.894 
0.006 
193 
34.54 
0.99 
20.08 
24.30 
0.09 
7.47 
0.14 
9.19 
0.12 
96.92 
2.644 
0.057 
1.812 
1.553 
0.006 
0.852 
0.011 
0.897 
0.018 
============================================ 
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Table 7. Compositions of chlorite utilized 
for garnet-chlorite geothermometry 
============================================= 
Sample 08 102 103 
Oxides (wt%) 
Si02 24.83 24.12 23.90 
Ti02 0.07 0.07 0.08 
Al203 22.77 21.84 22.60 
Fe203 a 0.00 0.00 0.00 
FeO 25.78 31.91 31.97 
MnO 0.02 0.01 0.04 
MgO 13.59 9.55 9.80 
CaO 0.07 0.11 0.07 
K20 0.02 0.01 0.00 
Na20 0.01 0.00 0.01 
----------
Totals 87.16 87.62 88.47 
Number of ions in formula based 
on 28 oxygens 
Si 5.305 5.306 5.195 
Ti 0.011 0.012 0.013 
Al 5.732 5.661 5.789 
Fe3• 0.000 0.006 0.000 
Fe 4.598 5.861 5.802 
Mn 0.004 0.002 0.007 
Mg 4.325 3.129 3.173 
Ca 0.016 0.026 0.016 
K 0.005 0.003 0.000 
Na 0.004 0.000 0.004 
--------------------------------------------
--------------------------------------------
a Calculated from microprobe analyses 
according to the method of Jacobson (1989). 
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Table 8. Compositions of ilmenite utilized for 
garnet-ilmenite geothermometry 
---------------------------------------------------------------
---------------------------------------------------------------
Sample PS31 29 29.4 34 35 37 102 
---------------------------------------------------------------
Oxides (wt%) 
si02 0.17 0.17 0.17 0.19 0.20 0.18 0.15 
Ti02 50.25 49.77 50.27 49.98 50.01 49.93 50.52 
Cr203 0.06 0.02 0.09 0.04 0.03 0.03 0.02 
Al203 0.07 0.06 0.06 0.07 0.05 0.07 0.08 
Fe203 a 3.09 3.96 3.02 3.07 3.79 3.86 3.93 
FeO 44.71 43.84 44.67 44.11 44.40 44.08 44.96 
MnO 0.11 0.16 0.10 0.22 0.10 0.17 0.06 
MgO 0.31 0.47 0.37 0.47 0.34 0.41 0.30 
CaO 0.15 0.20 0.15 0.14 0.17 0.19 0.16 
ZnO 0.04 0.03 0.01 0.02 0.05 0.08 0.04 
---------
Totals 98.96 98.68 98.91 98.31 99.14 99.00 100.22 
---------------------------------------------------------------
Number of ions in formula based on 3 oxygens 
Si 0.004 0.005 0.004 0.005 0.005 0.005 0.004 
Ti 0.992 0.993 0.992 0.992 0.993 0.992 0.993 
Cr 0.001 0.000 0.002 0.001 0.001 0.001 0.000 
Al 0.002 0.002 0.002 0.002 0.002 0.002 0.002 
Fe3+ 0.061 0.079 0.060 0.061 0.075 0.077 0.077 
Fe 0.980 0.972 0.979 0.972 0.979 0.973 0.982 
Mg 0.012 0.019 0.014 0.018 0.013 0.016 0.012 
Mn 0.002 0.004 0.002 0.005 0.002 0.004 0.001 
Ca 0.004 0.006 0.004 0.004 0.005 0.005 0.004 
Zn 0.001 0.001 0.000 0.000 0.001 0.002 0.001 
=============================================================== 
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Table 8. (Continued) 
=============================================== 
Sample 103 104 165 167 200 
-----------------------------------------------
Oxides (wt%) 
Si02 0.13 0.16 0.19 0.17 0.28 
Ti02 50.13 49.63 49.90 49.52 48.85 
Cr203 0.01 0.02 0.02 0.01 0.01 
Al203 0.06 0.04 0.07 0.06 0.13 
Fe203 a 3.81 5.53 4.70 3.88 3.92 
FeO 44.64 43.99 44.55 43.97 43.68 
MnO 0.10 0.18 0.12 0.14 0.24 
MgO 0.27 0.25 0.19 0.25 0.15 
CaO 0.12 0.23 0.17 0.18 0.23 
ZnO 0.01 0.04 0.05 0.11 0.03 
---------
Totals 99.28 100.07 99.96 98.29 97.52 
Number of ions in formula based on 3 oxygens 
Si 0.003 0.004 0.005 0.005 0.008 
Ti 0.994 0.994 0.992 0.993 0.988 
Cr 0.000 0.000 0.000 0.000 0.000 
Al 0.002 0.001 0.002 0.002 0.004 
Fe3+ 0.076 0.111 0.093 0.078 0.079 
Fe 0.984 0.979 0.984 0.980 0.981 
Mg 0.011 0.010 0.007 0.010 0.006 
Mn 0.002 0.004 0.003 0.003 0.005 
Ca 0.003 0.007 0.005 0.005 0.007 
Zn 0.000 0.001 0.001 0.002 0.001 
=============================================== 
a Calculated from microprobe analyses 
according to the method of Rumble (1973) . 
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Table 9. Temperatures obtained by the garnet-
biotite geothermometers (assuming P=3kb) 
======================================================== 
Sample KD 
PS27 
PS28 
PS31 
PS32 
PS35 
PS36 
PS37 
PS38 
02 
05 
28 
34 
139 
148 
150 
193 
n = 16 
0.158 
0.143 
0.175 
0.156 
0.180 
0.180 
0.167 
0.161 
0.141 
0.149 
0.123 
0.158 
0.146 
0.153 
0.160 
0.151 
mean 
S. D. a 
mean 
S.D. 
mean 
S.D. 
1 
546.2 
525.1 
568.5 
543.3 
574.8 
575.2 
558.3 
550.2 
522.6 
533.2 
496.2 
546.1 
530.1 
539.1 
548.4 
536.2 
2 
533.1 
503.1 
565.4 
528.9 
574.6 
575.2 
550.5 
538.8 
499.7 
514.5 
463.4 
532.9 
510.1 
522.9 
536.2 
518.8 
543.3 529.3 
20.5 29.1 
549.3 
16.0 
537.7 
23.0 
517.3 492.5 
19.1 26.3 
KD = (Mg/Fe)gt / (Mg/Fe)bt 
3 
545.9 
528.7 
563.9 
543.6 
568.9 
569.3 
555.7 
549.2 
526.7 
535.3 
504.9 
545.9 
532.8 
540.2 
547.7 
537.8 
4 
527.4 
504.0 
552.3 
524.2 
559.4 
559.8 
540.9 
531.9 
501.2 
512.9 
472.2 
527.3 
509.5 
519.5 
529.9 
516.2 
543.5 524.3 
16.6 22.7 
548.4 
12.9 
530.9 
17.8 
522.3 495.4 
15.7 21.0 
5 
578.7 
529.5 
603.1 
590.4 
656.7 
605.0 
581. 7 
571. 8 
568.5 
591. 8 
589.7 
530.4 
536.8 
574.9 
571. 7 
544.2 
576.6 
32.3 
575.0 
35.5 
583.3 
12.9 
1: Holdaway and Lee (1977); 2: Ferry and Spear (1978); 
3: Perchuk and Lavrenteva (1983); 4: Thompson (1976); 
5: Williams and Grambling (1990). 
---------------------------------------------------------
---------------------------------------------------------
a S.D.-- standard deviation. 
b excluding samples 02, OS, and 28. 
c samples 02, OS, and 28. 
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calibrations with Ko only among all the calibrations which 
take into account the non-ideal mixing. 
The mean temperatures for all 16 samples of quartz-biotie 
and biotite schists from Mineral Hill and Crevasse Mountain 
show a narrow range of 524° to 544°C utilizing the calibrations 
of Thompson (1976), Holaway and Lee (1977), Ferry and Spear 
(1978), and Perchuk and Lavrenteva (1983), and a value of 
577°C utilizing the calibration of Williams and Grambling 
(1990). Samples 02, 05, and 28 contain between 4.7 and 8.9 
wt% MnO and are considerably higher than the MnO contents of 
the other 13 samples (0.3 to 2.5 wt% MnO). Samples 02, 05, 
and 28 yield mean temperatures 26° to 45°C lower than the other 
13 samples utilizing the calibrations of Thompson (1976), 
Holdaway and Lee (1977), Ferry and Spear (1978), and Perchuk 
and Lavrenteva (1983) (see Table 9). As expected, however, 
the mean temperature for samples 02, OS, and 28 utilizing 
Williams and Grambling's (1990) calibration (583°C) is 
indistinguishable from that of the 13 other samples (575°C). 
Because of the high Mn content of samples 02, OS, and 28, the 
mean temperature range of 531±18°C to 549±16°C utilizing the 
calibrations of Thompson (1976), Holdaway and Lee (1977), 
Ferry and Spear (1978), and Perchuk and Lavrenteva (1983) is 
the preferred for the peak metamorphic temperature. 
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Garnet-Chlorite Geothermometry 
The garnet-chlorite geothermometer is based on the 
exchange of Fe and Mg between coexisting garnet and chlorite, 
in analogy to the previously described garnet-biotite 
geothermometer. Garnet coexists with chlorite in chlorite 
schists that occur very locally in the Jardine area. Garnet 
and chlorite were analyzed from three samples of chlorite 
schist, and temperature estimates were calculated using the 
calibrations of Dickenson and Hewitt (1986), Ghent et ale 
(1987), and Grambling (1990) (Table 10). All three 
calibrations yield virtually indistinguishable temperatures 
for the same sample, and yield a narrow range of temperatures 
(520.5°-538.4°C, average 531.1°C) for all samples. These 
temperatures are consistent with peak metamorphic temperatures 
determined by garnet-biotite geothermometry. This agreement 
is hardly surprising since each of the garnet-chlorite 
geothermometers was calibrated against data primarily derived 
from a garnet-biotite geothermometer. The calibration of 
Dickenson and Hewitt (1986) was obtained by regression of the 
equilibrium constant (KD) for garnet-chlorite exchange 
reaction against the temperatures calculated from Ferry and 
Spear's (1978) garnet-biotite geothermometer, whereas the 
calibration of Ghent et ale (1987) is a combination of Ferry 
and Spear's (1978) calibration for garnet-biotite exchange and 
Lang and Rice's (1985) calibration for biotite-chlorite 
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Table 10. Temperatures obtained by the 
garnet-chlorite geothermometers 
(assuming P = 3 kb) 
--------------------------------------------
--------------------------------------------
Sample KD 1 2 3 
08 0.141 533.7 531.0 530.1 
102 0.143 538.4 534.9 533.2 
103 0.136 521.2 520.5 521.6 
KD = (Mg/Fe)gt / (Mg/Fe) chI 
1: Dickenson and Hewitt (1986) ; 2 : Ghent 
et al. (1987) 3: Grambling (1990) 
--------------------------------------------
--------------------------------------------
exchange. Grambling's (1990) calibration is based on the 
garnet-biotite calibration of Williams and Grambling (1990). 
Grambling (1990) also used the calibrations of Dickenson and 
Hewitt (1986) and Ghent et al. (1987) to validate his choices 
of reference temperatures. 
Garnet-Ilmenite Geothermometry 
Garnet and ilmenite compositions were determined from 11 
samples of quartz-biotite, biotite, and chlorite schists. 
Temperatures were calculated using the calibrations of 
Pownceby et al. (1987) and Kress et al. (1985) for Fe-Mn 
exchange reaction (Table 11). Pownceby et al.'s (1987) 
calibration yields somewhat better results than Kress et al.'s 
(1985) calibration; however, both calibrations yield 
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unacceptable temperature estimates and will not be discussed 
elsewhere in the present study. A careful examination of 
occurrences of ilmenite within garnet reveals that the more 
erroneous temperature estimates occur where other ferro-
magnesian silicates are in contact with ilmenite in addition 
to garnet (e.g., grain 29.4 in sample 29, grain 167.3 in 
sample 167, and sample 35). The more important reason for the 
scatter of temperatures, however, may be the low Mn content of 
Table 11. Temperatures obtained by the garnet-
ilmenite thermometers 
------------------------------------------------
------------------------------------------------
Sample Grain KD 1 2 
PS31 1,2 13.067 404.0 115.0 
29 3,5,6 5.639 635.4 400.5 
29 4 13.262 401.0 112.1 
34 1,3 7.753 531.3 253.7 
35 3 3.997 783.6 691.0 
37 1,2,4,5 7.018 561.2 292.2 
102 5,6 9.883 466.5 178.7 
103 1,2,3,4 9.970 464.4 176.3 
104 1,2 7.436 543.5 269.2 
165 1,2 5.776 626.7 386.7 
167 1 7.089 558.1 288.1 
200 1,2 4.930 687.9 490.3 
KD = (Mn/Fe)gt / (Mn/Fe)il 
1: Pownceby et ale (1987) 
2 : Kress et ale (1985) 
================================================= 
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ilmenite «0.23 wt%) and garnet «1.35 wt%), because accurate 
analyses of ilmenite with low X~ contents may not be possible 
by electron microprobe analysis. 
Summary of Metamorphic Conditions 
Peak metamorphic temperatures obtained by garnet-biotite 
and garnet-chlorite geothermometry are in the range of 530° to 
550°C and are in agreement with temperatures derived from 
silicate stabilities. Staurolite is not observed in all 
samples listed in Table 4, but exists very locally, mostly in 
some drill cores. Alurninosilicate minerals are even more 
scarce. Staurolite is observed in sample 27, where it 
coexists with biotite, quartz, chlorite, and muscovite, and in 
sample 31, where it occurs with biotite, muscovite, quartz, 
garnet, and andalusite. These two samples may represent two 
reactions: 
For sample 27: 
Chlorite+muscovite ~ staurolite+biotite+quartz+water (4) 
and for sample 31: 
Staurolite+muscovite+quartz - biotite+andalusite+water (5) 
P-T constraints for the two reactions have been 
experimentally determined by Hoschek (1969). Jablinski (1990) 
reported the presence of sillimanite, andalusite, and 
staurolite in rock float from Bald Mountain. Reactions 4 and 
5, when combined with the fact that sillimanite and andalusite 
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are present in rocks in the Jardine area, can be used to 
determine the upper limits of temperature and pressure of peak 
metamorphism: 536°C and 3.5 kb for reaction (4) and 594°C and 
2.7 kb for reaction (5). Temperatures calculated from garnet-
biotite and garnet-chlorite geothermometers are more 
consistent with that obtained by simultaneous solution of 
equations representing reaction (4) and the equilibrium 
boundary between andalusite and sillimanite (Hemingway et al., 
1991). Pigage and Greenwood (1982) noted that experimentally 
determined breakdown temperatures for staurolite+quartz are 
consistently too high when compared with those obtained by 
garnet-biotite geothermometers and those implied by mineral 
assemblages, despite the fact that the experiments are 
mutually consistent. They urged caution in using the 
experimental data for the breakdown of staurolite. Thus, the 
estimation of peak metamorphic temperatures of 530°-550°C from 
garnet-biotite and garnet-chlorite geothermometers is 
consistent with temperatures obtained from silicate 
stabilities. 
Pressures determined on the andalusite ~ sillimanite 
transition are 3.6 and 3.3 kb at 530° and 550°C, respectively. 
Since sillimanite coexists andalusite and staurolite was found 
very locally at Jardine (Jablinski, 1990), a pressure of 
around 3 kb can be considered a very reasonable approximation. 
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GOLD MINERALIZATION AT JARDINE 
Mineralization and Alteration 
Three varieties of gold mineralization have been 
identified in the Jardine area: 
1. Stratabound gold mineralization in quartz and 
arsenopyrite parallel to bedding (So) and an axial-plane 
schistosity (51) to first generation folds (F t ) in silicate 
facies iron formation (Figure 3B). This type of 
mineralization is by far the dominant variety in the Jardine 
area, particularly at the Mineral Hill mine. Arsenopyrite, 
pyrrhotite, and locally scheelite are associated with native 
gold. Marcasite, galena, chalcopyrite, loellingite, 
gersdorffite, and secondary pyrite occur in lesser amount 
(Cuthill et al., 1988). 
2. Gold mineralization in boudinaged lens of quartz-
arsenopyrite and in fracture zones in silicate-facies iron 
formation discordant to So that probably formed during the 
second fold event (F2 ) (Figure 3C). Although the minerals 
described for type 1 mineralization are also present, 
pyrrhotite is less abundant, and mineralization is generally 
coarser. This mineralization is found predominantly at 
Mineral Hill and is volumetrically insignificant compared to 
type 1 mineralization. Gold-quartz-arsenopyrite 
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mineralization related to shear zones was recently discovered 
and occurs locally in shear zones near fold hinges that 
possibly formed during the late stages of F2 (D. Oliver, per. 
comm., 1991). 
3. Gold mineralization in quartz-biotite, chlorite, and 
biotite schist. Although relatively minor at Mineral Hill, 
this is the only type of mineralization that occurs at 
Crevasse Mountain. This mineralization occurs in quartz-
sulfide veins (up to 25 m wide) generally concordant to So and 
S1' Quartz is associated with arsenopyrite and lesser pyrite, 
galena, gold, and scheelite. The sulfides occur primarily 
along the border zones of quartz and as disseminations in the 
enclosing schists. At Crevasse Mountain, pyrrhotite is 
absent, and coarse tourmalinite is present as an alteration 
product enclosing quartz. 
The alteration associated with type 1 mineralization at 
Mineral Hill is weak, but discernible (Figure 3D), and is 
characterized by chlorite, biotite, hornblende, arsenopyrite, 
and pyrrhotite. Chlorite, biotite, and hornblende in the 
alteration zones are characteristically depleted in Fe and 
enriched in Mg (Table 12) compared to these minerals in 
unaltered iron formation (Figure 7). In alteration zones, 
chlorite and biotite are uniform in composition in individual 
samples, whereas large variations were apparent in hornblende 
and ilmenite, suggesting that equilibrium was not attained 
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between fluids and the minerals. At Crevasse Mountain, 
alteration associated with type 3 mineralization is 
characterized by muscovite, tourmaline, biotite, chlorite, and 
arsenopyrite (Seager, 1944). Gold is associated with 
alteration, especially with sulfidation. Unaltered iron 
formation contains no gold. 
Gold in ore exists as native gold grains or veinlets. It 
occurs as inclusions in arsenopyrite, chalcopyrite, and 
quartz, or as interstitial grains between crystals of 
arsenopyrite and chalcopyrite or pyrrhotite, and between 
quartz grains. Gold is more commonly associated with 
arsenopyrite than any other mineral. 
Several textural varieties of arsenopyrite are present at 
Mineral Hill. They are, in order of decreasing crystal size 
and volume: massive, densely disseminated, and sparsely 
disseminated. Arsenopyrite from type 2 massive ore is 
homogeneous in composition within and between individual 
grains in the same sample, and is typically S-rich by 
comparison to other varieties of arsenopyrite (Table 13). 
Arsenopyrite from type 1 densely disseminated ore contains 
higher As than massive arsenopyrite, and is also generally 
homogeneous in composition. However, in two samples (59 and 
63), about half of the arsenopyrite grains display well 
developed arsenopyrite skeletons, which have euhedral 
arsenopyrite faces but hollow cores filled mostly by silicates 
51 
(Figure 3E). The other half are skeletons filled with 
pyrrhotite, native gold, and anhedral arsenopyrite of a later 
generation, which is lower in As content than the skeleton 
rims (Figures 3F and 8). The rims are variable in 
composition. It is significant to note that the composition 
of the arsenopyrite cores is very similar to that of the 
massive arsenopyrite, indicating that they probably formed at 
the same time. Arsenopyrite from type 1 sparsely disseminated 
ores are usually fine-grained and homogeneous in composition. 
They contain the highest As among all varieties of 
arsenopyrite. Most sparsely disseminated grains are closely 
associated with pyrrhotite, and have been used to estimate 
temperatures of formation. Where arsenopyrite touches 
pyrrhotite on one side only, it usually has lower As content 
on the side in contact with pyrrhotite. Applying Kretschmar 
and Scott's (1976) calibration of the arsenopyrite 
geothermometer to 7 samples (Samples 03, 12, 13, 14, 15, 141, 
and 187 in Table 13) with arsenopyrite surrounded by 
pyrrhotite yields temperatures of 370°-610°C for arsenopyrites 
with 32.5-36.3 mol% As. These temperatures could be 50°C 
higher at 3 kb (Sharp et al., 1985). Since Kretschmar and 
Scott's (1976) calibration yields about 500°C for some 
arsenopyrites in metamorphic ores (metamorphosed to 
greenschist to granulite facies) and in hydrothermal ores 
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Table 12. Electron microprobe analyses of some 
silicates from altered silicate facies 
iron formation 
---------------------------------------------------------------
---------------------------------------------------------------
Sample 
Hornblende 
25 59 62 67 207 
Biotite 
25 
Location- 71700 
161 
Level Level Level Level 71700 
Oxide (wt%) 
Si02 
Ti02 
Al203 
Fe203b 
47.49 
0.37 
10.68 
1.18 
FeO 13.26 
MnO 0.33 
MgO 11.86 
CaO 12.07 
K20 0.22 
Na20 0.87 
Totals 98.33 
450 450 459 750 161 
44.70 
0.33 
14.08 
1.39 
45.86 
0.25 
12.20 
1.60 
15.46 15.00 
0.48 0.48 
9.22 10.18 
11.86 11.89 
0.36 0.32 
1. 09 0.89 
98.97 98.67 
44.59 
0.25 
11.87 
2.02 
15.32 
0.61 
9.64 
11.53 
0.23 
0.92 
96.98 
42.45 36.77 
0.23 1.30 
13.66 18.62 
1.66 
19.63 
0.36 
6.71 
11. 79 
0.46 
1.04 
97.99 
17.43 
0.01 
12.28 
0.11 
9.68 
0.07 
96.27 
Number of ions in formulae 
Si 6.840 
Ti 0.040 
Al 1.813 
Fe3+ 0.128 
Fe 1. 594 
Mn 0.040 
Mg 2.545 
Ca 1. 879 
K 0.041 
Na 0.245 
6.483 
0.036 
2.406 
0.151 
1.872 
0.059 
1.992 
1.862 
0.067 
0.310 
6.645 
0.027 
2.083 
0.174 
1.814 
0.059 
2.197 
1.868 
0.060 
0.253 
6.591 
0.028 
2.067 
0.225 
1.891 
0.076 
2.122 
1.855 
0.044 
0.268 
6.369 
0.026 
2.415 
0.187 
2.459 
0.046 
1.500 
1.920 
0.089 
0.306 
2.740 
0.073 
1.635 
1.084 
0.001 
1.363 
0.009 
0.920 
0.010 
53 
Level 
450 
35.64 
1.35 
19.61 
18.36 
0.22 
10.53 
0.10 
9.19 
0.09 
95.09 
2.700 
0.077 
1. 750 
1.161 
0.014 
1.188 
0.008 
0.888 
0.013 
=============================================================== 
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Table 12. (Continued) 
=============================================================== 
Chlorite 
Sample 59 207 PS88 25 59 62 104d 
---------------------------------------------------------------
Location" Level Level DS 71700 Level Level 80033 
450 750 161 450 450 83 
Oxides (wt%) 
Si02 36.60 35.03 23.84 25.99 25.48 26.05 23.31 
Tio2 1.33 1.27 0.04 0.07 0.03 0.05 0.06 
Al203 18.59 17.52 23.91 22.75 22.35 22.14 22.09 
Fe203b 0.00 0.00 0.00 0.00 0.00 
FeO 18.75 24.90 27.04 21.44 24.03 22.86 33.99 
MIlO 0.20 0.14 0.25 0.33 0.41 0.38 0.04 
MgO 11.62 8.75 12.65 17.64 16.01 17.17 8.27 
CaO 0.15 0.09 0.07 0.05 0.09 0.05 0.07 
K20 9.41 8.76 0.01 0.00 0.00 0.00 0.00 
Na20 0.06 0.03 0.00 0.00 0.00 0.01 0.00 
----------
Totals 96.71 96.49 87.81 88.27 88.40 88.71 87.83 
Number of ions in formula" 
si 2.731 2.702 5.085 5.339 5.298 5.358 5.169 
Ti 0.075 0.074 0.006 0.011 0.005 0.008 0.010 
Al 1.635 1.593 6.010 5.507 5.476 5.366 5.772 
Fe3+ 0.000 0.000 0.000 0.000 0.000 
Fe 1.168 1.604 4.815 3.677 4.171 3.926 6.293 
MIl 0.013 0.009 0.045 0.057 0.072 0.066 0.008 
Mg 1.292 1.006 4.019 5.398 4.958 5.261 2.732 
Ca 0.012 0.007 0.016 0.011 0.020 0.011 0.017 
K 0.895 0.862 0.003 0.000 0.000 0.000 0.000 
Na 0.009 0.004 0.000 0.000 0.000 0.004 0.000 
=============================================================== 
a First row: drill hole number, level, or OS-dump sample; 
second row: depth (feet) for drill hole and number for 
level. 
b Calculated from microprobe analyses according to the 
methods of Trzcienski et ale (1984) (for hornblende) and 
Jacobson (1989) (for chlorite) . 
" Based on 23 oxygens for hornblende, 11 for biotite and 28 for 
chlorite. 
d From chlorite-amphibole schist; metamorphic. 
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Table 13. Electron microprobe analyses of 
arsenopyrite 
================================================================ 
Sample 03 12 13 14 15 16 53 
----------------------------------------------------------------
Location- 71699 74769 74769 74769 74769 74769 Level 
214 408 409 410 411 415 450 
Occurrence 
sot> so so so SO SO SO 
Elements (wt%) 
Fe 34.47 33.96 34.24 34.14 31.92 32.55 34.21 
As 44.59 45.77 45.73 45.86 48.52 47.92 44.61 
S 19.76 18.99 19.16 19.08 17.03 17.67 19.57 
Co 0.00 0.00 0.00 0.00 0.67 0.79 0.00 
Ni 0.03 0.11 0.04 0.05 1.25 0.42 0.11 
Sb 0.03 0.02 0.01 0.01 0.01 0.00 0.03 
Au 0.05 0.06 0.02 0.05 0.02 0.04 0.01 
----------
Totals 98.93 98.91 99.20 99.19 99.42 99.39 98.54 
----------------------------------------------------------------
Number of ions in formula 
Fe 0.337 0.335 0.337 0.336 0.321 0.325 0.336 
As 0.325 0.337 0.335 0.336 0.363 0.356 0.327 
S 0.337 0.327 0.328 0.327 0.298 0.307 0.335 
Co 0.000 0.000 0.000 0.000 0.006 0.007 0.000 
Ni 0.000 0.001 0.000 0.000 0.012 0.004 0.001 
Sb 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Au 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
================================================================ 
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Table 13. (Continued) 
--------------------------------------------------------
--------------------------------------------------------
Sample 59 62 141 179 187 207 
--------------------------------------------------------
Locationa Level Level 60003 60008 60008 Level 
450 450 215 207 282 750 
Occurrences 
DDc DD SD SD SD Massive 
Elements (wt%) 
Fe 34.68 34.19 32.33 33.75 32.21 34.64 
As 44.54 45.75 47.39 45.11 47.81 43.47 
S 19.89 19.23 17.85 19.28 17.44 20.53 
Co 0.00 0.00 0.92 0.15 0.55 0.00 
Ni 0.08 0.06 0.45 0.24 1.06 0.02 
Sb 0.03 0.01 0.02 0.01 0.01 0.02 
Au 0.02 0.01 0.03 0.02 0.04 0.03 
---------
Totals 99.24 99.25 98.99 98.56 99.12 98.71 
--------------------------------------------------------
Number of ions in formula 
Fe 0.338 0.336 0.323 0.333 0.323 0.337 
As 0.324 0.335 0.353 0.332 0.357 0.315 
S 0.338 0.329 0.311 0.331 0.304 0.348 
Co 0.000 0.000 0.009 0.001 0.005 0.000 
Ni 0.001 0.001 0.004 0.002 0.010 0.000 
Sb 0.000 0.000 0.000 0.000 0.000 0.000 
Au 0.000 0.000 0.000 0.000 0.000 0.000 
======================================================== 
a First row: drill hole number and level; second row: 
depth (feet) for drill hole and number for level. 
b SD--sparsely disseminated. 
C DD--densely disseminated. 
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formed at much lower temperatures (see Sharp et al., 1985), 
temperatures obtained by the arsenopyrite geothermometer are 
approximate only. 
Pyrrhotite generally has a uniform composition regardless 
of its occurrence (including inclusions in the arsenopyrite 
skeletons) (Table 14). Pyrrhotite and arsenopyrite commonly 
exhibit an antipathetic relationship, with pyrrhotite least 
common in massive arsenopyrite ores relative to densely 
disseminated and sparsely disseminated arsenopyrite ore. In 
places, massive pyrrhotite is the only sulfide present. It 
usually follows So and Sl more closely than arsenopyrite. 
Fluid Inclusion Study 
Vein quartz and scheelite samples were collected for 
fluid inclusion studies from underground locations and drill 
core at the Mineral Hill mine and drill core at Crevasse 
Mountain. They are typically intensely fractured and 
strained. Of 64 sections of vein quartz and scheelite 
examined, only five sections of vein quartz contained workable 
CO2-bearing fluid inclusions: three from type 2 quartz-
arsenopyrite pods at Mineral Hill (PS07, PS12, and PS21) and 
two from type 3 quartz-sulfide veins at Crevasse Mountain (30 
and 33). These CO-bearing fluid inclusions range from 2 to 
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Table 14. Microprobe analyses of pyrrhotite 
-----------------------------------------------------
-----------------------------------------------------
Sample 03 
Locationa 71699 
214 
Element (wt%) 
Fe 60.34 
S 39.99 
As 0.18 
Sb 0.02 
Co 0.00 
Ni 0.06 
---------
Totals 100.59 
Number of ions in 
Fe 0.865 
S 0.998 
As 0.002 
Sb 0.000 
Co 0.000 
Ni 0.001 
59 
Level 
450 
60.38 
39.83 
0.22 
0.00 
0.00 
0.07 
100.50 
formula 
0.868 
0.998 
0.003 
0.000 
0.000 
0.001 
62 
Level 
450 
60.06 
39.83 
0.27 
0.01 
0.00 
0.07 
100.24 
0.863 
0.997 
0.003 
0.000 
0.000 
0.001 
141 
60003 
215 
59.94 
40.27 
0.20 
0.00 
0.-00 
0.33 
100.74 
0.853 
0.998 
0.002 
0.000 
0.000 
0.005 
144 
60003 
223 
59.84 
39.90 
0.09 
0.00 
0.00 
0.07 
99.90 
0.860 
0.999 
0.001 
0.000 
0.000 
0.001 
===================================================== 
a First row: drill hole number and level; second 
row: depth (feet) for drill hole and number for 
level. 
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15~ (mostly 4-8~) long, and commonly have negative crystal and 
rounded shapes. They are usually randomly distributed in the 
central portion of quartz crystals or occur along healed 
fractures which do not cut grain boundaries. Although these 
inclusions have characteristics typical of primary and 
pseudosecondary growth (Roedder, 1984), it is possible they 
are secondary in origin. It is not possible to distinguish 
CO2-bearing fluid inclusions of more than one generation in 
samples from either Mineral Hill or Crevasse Mountain. It is 
also unclear why these five samples have retained what appear 
to be primary fluid inclusions in some grains while all other 
samples studied are riddled with planes of secondary 
inclusions. While it is tempting to suggest that these CO2 -
bearing fluids are samples of the gold-bearing fluids, the 
evidence is equivocal and should be treated with caution. 
Aqueous secondary fluid inclusions are ubiquitous in 
examined samples, and, where spatially related to CO2-bearing 
inclusions, clearly formed later than the CO2-bearing 
inclusions. The aqueous inclusions can be divided into three 
groups: liquid, gas+liquid (G+L) , and gas+liquid+solid (G+L+S) 
inclusions. Where the spatial relations among the aqueous 
inclusions can be seen, liquid aqueous inclusions are always 
the latest, while the timing relations between the G+L and 
G+L+S inclusions are ambiguous. The liquid aqueous inclusions 
are very small (usually less than 2~) and irregular in shape. 
61 
Because they formed last and bear no relationship to gold 
mineralization, no freezing/heating experiments were conducted 
on them. The G+L inclusions range from 2 to 30~ (mostly 10-
20~) in length, and possess negative crystal, rounded, and 
irregular shapes. The G+L+S inclusions are similar in size to 
G+L inclusions, and mainly have negative crystal and rounded 
shapes, although a few may have irregular shapes. The 
daughter crystals in these inclusions are cubic in shape and 
are believed to be NaCl. 
Microthermometric measurements were conducted on a Fluid 
Inc. adapted USGS gas flow heating/freezing stage calibrated 
with synthetic fluid inclusions. The estimated precision of 
the temperature measurements is ± 1°C for temperatures below 
-60°C and for the initial melting temperatures of aqueous 
inclusions, ± O.l°C between -60° and 40°C, and i 3°C for 
temperatures higher than 300°C. Results of the 
microthermometric experiments are shown in Table 15 and 
Figures 9-13. 
The low melting temperatures of solid CO2 (~02) (Figure 
9) (lower than -57°C) suggest the presence of CH4 in some 
inclusions. Samples PS12 and PS21 contain inclusions with 
~02 as low as -65.3 and -63.8°C. For some of these fluid 
inclusions with low ~02' a phase transition was observed at 
temperatures between -99° and -61°e, which may be the 
homogenization of CH4 phase. Higher clathrate melting 
62 
temperatures ('I'mclath) and lower CO2 homogenization temperatures 
(Thco2) for those inclusions also suggest the presence of CH4 • 
These CH,-bearing inclusions show variable freezing data and 
suggest a wide range of CH4 :C02 ratios (0:1 to 1:3 using the 
method of Seitz et al. (1987}). The CH4 :C02 ratios for most 
fluid inclusions in these two samples are < 1:7. 
For samples PS07 (type 2 mineralization), 30, and 33 
(type 3 mineralizations), the CO2-bearing fluid inclusions 
show similar temperatures for phase changes (see Appendix) 
even though they are from different types of mineralization. 
Distribution patterns of phase change temperatures for CO2-
bearing fluid inclusions (Figures 9-12) from types 2 and 3 
mineralization from Mineral Hill and Crevasse Mountain are 
almost identical if CH4-bearing inclusions are excluded. For 
samples PS07, 30, and 33, 'I'mclath range from 1.9° to 8. 6°C and 
correspond ·to salinities of 13.4 to 2.8 equiv. wt% NaCI (Bozzo 
et al., 1975), assuming the absence of CH4 • The Thco2 for these 
samples varies from 18.9° to 30.1°C, and corresponds to CO2 
phase densities of 0.79 to 0.59 glcc (Angus et al., 1976). 
CO2-bearing fluid inclusions homogenize to the vapor and 
liquid phase between 214° and 365°C (Figure 12). Many 
inclusions decrepitated on or shortly after homogenization; 
however, some inclusions decrepitated before homogenization. 
These decrepitation temperatures represent minimum 
homogenization temperatures. 
Table 15. 
Sample 
PS07 
PS12 
PS21 
30 
33 
Sample 
PSOl 
PS03 
PS03 
PS07 
PS07 
47 
47 
136 
-74 - -61(3) 
-99 - -90(3) 
Type 
G+L 
G+L 
G+L+S 
G+L 
G+L+S 
G+L 
G+L+S 
G+L 
63 
Microthermometric measurements 
inclusions of vein quartz from 
Montana 
on fluid 
Jardine, 
-58.9 - -56.6(15) 
-65.3 - -56.8(14) 
-63.8 - -57.6(17) 
-57.9 - -56.6(32) 
-58.1 - -56.6(15) 
Te 
-73 - -53(11) 
-64 - -58(9) 
-74 
-65 - -44(6) 
-69 - -61(4) 
-57 - -52(7) 
-60 - -51(10) 
-59 - -39 (18) 
~-bearing fluid inclusions' 
3.8 - 8.4(11) 
-3.5 - 9.8(17) 
0.6 - 9.7(16) 
1.9 - 5.0(28) 
5.8 - 8.6(14) 
The.. Tdecrpt 
20.6 - 27.8(20) 216 - 290(9) 213 - 338(8) 
13.8 - 21.2(9) 226 - 231(2) 243 - 326(16) 
-4.6 - 20.4(13) 235 - 297(3) 283 - 353(9) 
22.2 - 30.1(25) 236 - 274(6) 241 - 309(8) 
18.9 - 25.3(13) 208 - 305(7) 215 - 365(13) 
Aqueous incluaionsb 
ThtOU1 Ts 
-27.8 - -16.3(17) 115 - 203(14) 
-23.0 - -10.2(8) 137 - 177(6) 
158 - 224 (17) 230 - 281(11) 
-29.1 - -22.0(13) 130 - 148(8) 
-36.1 - -22.5(12) 130 - 180(8) 263 - >300(4) 
-26.6 - 23.5(7) 151 - 189(3) 
-26.9 - -21.2 (10) 114 - 167 (12) 176 - 243 (12) 
-17.9 - 7.6(18) 105 - 135(14) 
, ~,--homogenization temperature of CH,; ~--melting temperature of Co.; ~,~.--melting temperature 
of clathrate; Thc..--homogenization temperature of Co.; Tdecrept--decrepitation temperature; Th,.u,--
total homogenization temperature. 
b G+L--gas+liquid inclusion; G+L+S--gas+liquid+solid inclusions; Te--initial melting temperature; Tm--final 
melting temperature; Th,.--homogenization temperature of fluid phases; Th..u,--total homogenization 
temperature; Ts--dissolution temperature of the solid phase. 
PS01, PS03, PS07, PS12, and PS21 are type 2 mineralization from underground localities at Mineral Hill (MH) 
mine; 30 and 33 from drill hole 80011 114' and 245', respectively (type 3 mineralization at Crevasse 
Mountain (CM) I 47 type 2 mineralization, 450 level, HH; 136 drill hole 60003 205' (type 2 mineralization, 
MH) . 
) number of analyses. 
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An attempt was made to determine the temperatures and 
pressures of entrapment of CO2-bearing inclusions. The volume 
fractions of CO2 in the inclusions were estimated by the 
method of Parry (1986). Since some CO2-bearing inclusions in 
samples PS12 and PS21 clearly contain some CH4 and yield 
higher 'I'rr1clath and lower Thco2 than pure CO2-H20 inclusions, they 
were excluded from the calculations for determining average 
'l'mclath and Thco2. However, these inclusions were included in 
the determination of average Thtotal because of the congruency 
of the isochores between the unary CO2 system and binary CO2 -
CH4 system between 200° and 800°C (Swanenberg, 1979). The 
average 'I'rr1clath' Thco2' and Thtotal are 5. 2°C, 25. 3°C, and 292°C, 
respectively. If samples PS12 and PS21 are excluded from the 
data, the Thtotal is 288°C. The calculated average CO2 volume 
fraction at 40°C is 30%, which is close to the visual estimate 
of 20 to 40%. Utilizing the above data, a minimum pressure of 
1.8 kb is obtained (Bowers and Helgeson, 1983). The 
entrapment pressure can be estimated if the entraping 
temperature is known. However, since homogenization 
temperatures of CO2-bearing inclusions show a wide range, the 
highest recorded homogenization temperature (365°C) is 
considered to be closest to the entrapment temperature. 
Assuming an entrapment temperature of 365°C, the pressure of 
entrapment, using Bowers and Helgeson's (1983) equation of 
state and Brown's (1989) FLINCOR program, is 3.0 kb, which is 
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consistent with the pressure of peak metamorphism determined 
from silicate stabilities. If Brown and Lamb's (1989) 
equation of state is used, pressures of 3.1 (at 290°C) and 4.0 
kb (at 365°C), respectively, are derived. 
Aqueous inclusions show initial ice melting temperatures 
(Te) between -74° and -35°C (mostly -60° to -50°C, Figure 13). 
For the G+L inclusions, the final melting temperatures (Trn) 
range from -29.1° to -2.9°C and correspond to salinities of 4.8 
to 23.3 equiv. wt% NaCI (Potter et al., 1978). For the G+L+S 
inclusions, the final ice melting temperatures are between 
-36.1° to -21.2°C. The low Trn (lower than -22.9°C) for some 
G+L inclusions and all G+L+S inclusions indicate the presence 
of other salts besides NaCI and RCI in the inclusions (Hall et 
al., 1988). The low initial melting temperatures suggest the 
presence of CaCl2 or MgCl2 in addition to RCI and NaCI 
(Crawford et al., 1979; Davis et al., 1990). For all G+L+S 
inclusions, the fluid phase homogenizes between 115° and 224°C, 
and dissolution temperatures of the solid phase (Ts) range 
from 176° to >330°C. These values of Ts are consistently 
higher than the fluid phase homogenization temperatures (Th1v) 
for the same inclusions. The solid phase in some inclusions 
was present after the inclusions had decrepitated. The 
salinities corresponding to Ts range from 30.5 to >40.0 equiv. 
wt% NaCI (Reevil, 1942). The average Trn (-25.8°C) and Ts 
(225°C) of G+L+S inclusions indicate that the average 
71 
inclusion contains about 25 wt% NaCl and 10 wt% CaCl2 if a 
NaCl-CaCl2-H20 system is assumed (Williams-Jones and Samson, 
1990). Crawford et al. (1979) demonstrated that CaCl2 -NaCl 
brines occur in calcium-rich graywacke assemblages. 
Furthermore, the increase in Ca and Cl concentrations with 
depth in groundwater found in the Canadian Shield (Frape and 
Fritz, 1987) indicates that CaCl2 is a major salt in deep 
crustal fluids. 
The average Th1v (164°C) and Ts of G+L+S inclusions were 
used to estimate minimum trapping pressures of secondary 
fluids (Roedder and Bodnar, 1980). A density of 1.139g/cc was 
obtained by adopting the procedure of Roedder and Bodnar 
(1980) and data from Keevil (1942), Robie et al. (1966), 
Skinner (1966), and Haas (1976). By extrapolating data in 
Urusova (1975) and Potter and Brown (1977) to fit the higher 
salinities of the G+L+S aqueous inclusions at the Mineral Hill 
mine, a minimum trapping pressure of about 200 bars is 
obtained. If the trapping temperature is assumed to be 260°C, 
which is higher than all but two measured values of Ts, the 
trapping pressure is around 1 kb. 
Stable Isotope Data 
Stable isotope (C , 0, and H) data were collected on 17 
samples of carbonates, quartz, biotite, chlorite, and 
scheelite and from fluids in fluid inclusions in vein quartz 
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and scheelite from the Mineral Hill deposit. All data were 
obtained using a Finnegan Oelta-E mass spectrometer with a 9 
cm deflection radius. Analytical precision is generally 
better than.±. 0.05 per mil for values of B13C and B180, and ± 1 
per mil for Bo. These data are listed in Table 16, whereas, 
new sulfur isotope data available to the author (supplied by 
O.M. Rye and K.L. Shelton) for the Mineral Hill deposit are 
listed in Table 17. 
Hydrogen and oxygen isotopes 
Hydrogen isotope data were obtained from chlorite and 
biotite and from fluids in fluid inclusions of quartz and 
scheelite. For the fluid inclusions, Bo ranges from -149 to 
-70 per mil, and can be divided into two distinct groups: one 
heavier group with Bo values from -93 to -70 per mil, and the 
other lighter group with Bo values from -149 to -132 per mil. 
The secondary liquid aqueous inclusions are dominant in quartz 
that contains the lighter isotopic composition. The 
calculated Bo values for the fluid in equilibrium with biotite 
sample 207 is -46 per mil at 365°C, using biotite compositions 
determined from microprobe data in Table 12 and the 
calibration of Suzuoki and Epstein (1976). Electron 
microprobe data are not available for biotite sample 44, but 
have been assumed to be similar in composition to those of 
biotite in sample 207 because the two samples are both from 
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ore zones. The aD for the fluid in equilibrium with sample 44 
is -30 per mil. For the two chlorite samples, one is from 
chlorite schist and has a metamorphic origin (sample 102), 
whereas the other is from the alteration zone and has a 
hydrothermal origin (sample PS88). The fluid in equilibrium 
with the metamorphic chlorite has a aD value of -46 per mil at 
550°C using Graham et al.'s (1984) equation, whereas the fluid 
in equilibrium with the hydrothermal chlorite has a aD value 
of -39 per mil at 365°C using Taylor's (1974) equation. Thus, 
aD values calculated for fluids in equilibrium with the 
hydrosilicates are heavier than those obtained from fluid 
inclusions, and show a more restricted range (-46 to -28 per 
mil). All four aD data for hydrosilicates fall in the 
metamorphic fluid range although two of them also overlap the 
range ascribed to magmatic fluids (Figure 14). The difference 
between aD values obtained from minerals and fluid inclusions 
undoubtly stems from the presence of the secondary liquid 
aqueous inclusion. These liquid aqueous inclusions appear to 
have formed late in the fluid evolution. Since aD values for 
modern meteoric water in the Jardine area are about -140 per 
mil (Taylor, 1979), the lighter aD values of the fluid 
inclusions may be reflecting an influx of present day meteoric 
water. 
Oxygen isotope analyses were determined on quartz, 
scheelite, chlorite, and biotite. alBO values for fluids ln 
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equilibrium with those minerals at 365°C range from 5.4 to 8.5 
per mil (Table 16), using Clayton et al.'s (1972) equation for 
quartz, Wesolowski and Ohmoto's (1986) equation for scheelite, 
Bottinga and Javoy's (1973) equation for biotite, and Wenner 
and Taylor's (1971) equation for chlorite. A 0180 value of 7.7 
per mil for the fluid in equilibrium with chlorite in chlorite 
schist at 550°C is obtained. All calculated 0180 values of 
fluids overlap the ranges of ore-forming fluids of Archean 
greenstone gold deposits and typical metamorphic and magmatic 
fluids (Figure 14). 
Carbon and oxygen isotopes of calcite 
The distribution of carbonates is restricted in the 
Mineral Hill mine. They usually occur as veins less than 5 cm 
wide that cross-cut the bedding. Carbon and oxygen isotope 
values were measured on two calcite samples from calcite veins 
in mineralized iron formation. ODC values for these samples 
are -1.20 and -3.68 per mil, and 0180 15.83 and 16.83 per mil, 
respectively (Table 16). These values are similar to those 
observed in carbonates from most other Archean lode gold 
deposits (Colvine et al., 1988; Golding et al., 1987). 
Sulfur isotopes 
Sulfur isotope data are available for 9 arsenopyrite 
samples, 3 pyrrhotite samples, 1 chalcopyrite sample, and 52 
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whole rock samples, collected from the iron formation, biotite 
schists, quartz-biotite schists, and graphite schists 
(Brookins and Brown, 1966; Rye and Shelton, 1990, per. corom.). 
534S values range from -1.7 to +4.4 per mil, mostly from +1 to 
+3.5 per mil (Figure 15), and 534S values for the arsenopyrite 
samples (+2.4 to +4.4 per mil) are slightly higher than those 
for pyrrhotite (+1.8 to +2.1 per mil) and chalcopyrite (+1.9 
per mil). These data are very similar to those determined for 
other Archean lode gold deposits (Colvine et al., 1988). 
Samples for the sulfur isotope study of D.M. Rye and R.L. 
Shelton (1990, per. comm.) were obtained from four drill holes 
at approximately ten foot intervals. Drill holes were chosen 
to look for differences in mineralized and non-mineralized 
iron formation and lateral variations in mineralized horizons. 
These samples were also collected to determine whether 534S 
values were depleted in the fold hinges relative to the limbs 
in a fashion similar to that observed for the Proterozoic 
Homestake iron formation-hosted gold deposit (Rye and Rye, 
1974). A depletion in 534S values, which is ascribed to an 
enrichment of 32S in the hinges, was not observed at Jardine. 
Furthermore, because the range of 534S values is so narrow (-
1.7 to 3.3 per mil), there does not appear to be any isotopic 
difference between mineralized and unmineralized iron 
formation. 
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Table 16. Stable isotope analyses of minerals and fluids 
from fluid inclusions of vein quartz and 
scheelite 
============================================================~================ 
~1taa ~o- ~llCb ~180a ~O· 
Sample Location Mineral -------------------------------------------
Mineral Mineral Mineral Fluide Fluidd 
-----------------------------------------------------------------------------
PS01 MH, OS Quartz 10.9 6.0 -70 
PS03 MH, OS Quartz 11.1 6.2 -93 
PS07 MH, DS Quartz 11.0 6.1 -90 
PS88 MH, DS Chlorite 4.5 -79 5.4 -39" 
30 CM SOOl1 114' Quartz 10.7 5.S -149 
33 CM SOOl1 217' Quartz 10.S 5.9 -134 
44 MH Level 450 Biotite 6.4 -96 S.5 -30" 
47 MH Level 450 Quartz 10.7 5.S -S4 
102 MH S0033 71' Chlorite- 5.3 -75 7.7 -46" 
157 MH 60007 78' Calcite 15.8 -1.2 
163 MH 60007 239' Quartz 11.5 6.6 -140 
174 MH 6000S 123' Scheelite 4.5 7.0 
207 MH Level 750 Biotite 4.6 -112 6.7 -44" 
211 MH Level 750 Quartz 12.1 7.2 -142 
211 MH Level 750 Scheelite 3.5 6.0 -132 
213 MH Level 750 Quartz 10.8 5.9 -70 
214 MH Level 750 Calcite 16.4 -3.7 
============================================================================= 
• Per mil relative to Standard Mean Ocean Water (SMOW). 
b Per mil relative to Pee Dee Belemnite (POB). 
e Calculated, see text. 
d From fluid inclusions in vein quartz and scheelite; *--calculated by 
assuming equilibrium between mineral and fluid at 365°C for all 
hydrothermal minerals (samples PSSS. 44 and 207) and at 550°C for the 
chlorite from chlorite schist. 
• From chlorite schist; metamorphic. 
MH Mineral Hill, followed by DS (sump sample), or drill hole number and 
depth, or level number. 
CM Crevasse Mountain, followed by drill hole number and depth. 
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Table 17. Sulfur isotope data for minerals and whole rock 
samples from Jardine, Montana {provided by D.M. 
Rye and K.L. Shelton} 
=========================================================== 
Drill 
hole 
6-3 
6-9 
Depth 
{feet} 
55.5 
79 
81.5 
97.3 
102 
108 
127 
129 
135 
136.5 
141 
143 
144 
147 
149.5 
150 
160 
67.5 
76 
81 
83 
85 
93 
101 
110.5 
118 
Rock Typea Samplesb 
qtz-bt sch WR +2.4 
bt sch WR +1.7 
qtz veins Aspy +3.3 
aspy + chI Aspy +2.7 
BIF WR +3.1 
qtz-bt sch WR +1.8 
bt sch Aspy +3.0 
bt sch Aspy +2.4 
bt sch Vein cpy +1.9 
qtz-bt sch WR +2.2 
BIF WR +1.4 
BIF WR +1.5 
BIF WR +0.4 
BIF WR +2.5 
BIF WR +1.7 
BIF/bt sch WR -0.6 
qtz-bt sch WR +2.5 
graphitic sch WR -0.6 
graphitic sch WR +2.4 
qtz + amph + po WR +2.5 
qtz + amph + po WR +1.9 
qtz + amph + po WR -1.7 
bt-chl sch Po +2.0 
Aspy +3.0 
chI WR +2.8 
qtz + aspy Aspy +2.4 
mica sch WR +2.6 
=========================================================== 
78 
Table 17. (Continued) 
=========================================================== 
Drill 
hole 
6-3 
6-12 
Depth 
(feet) 
11 
31 
42 
43.5 
44.5 
49.5 
58 
75 
84 
87 
89 
93 
96.5 
98 
101 
111 
118 
132 
79 
104 
110 
115 
120 
131 
156 
158 
160 
Rock Typea 
qtz-bt sch 
bt sch 
chi-bt-gt sch 
BIF 
BIF 
qtz-bt sch 
bt sch 
qtz-bt sch 
BIF 
BIF 
BIF 
BIF 
BIF 
BIF 
bt sch 
bt + 10% bt sch 
bt sch 
qtz-bt sch 
mica sch 
bt sch 
chI 
bt sch 
bt sch 
bt sch 
bt sch 
bt sch 
qtz-bt sch 
Samplesb 
WR +2.1 
WR +1.1 
WR +3.0 
WR +2.3 
WR +0.7 
WR +2.3 
WR +1.6 
WR +0.2 
Aspy +2.6 
WR +2.3 
WR +3.0 
Po +1.8 
WR +1.3 
Po +2.1 
WR +1.3 
Aspy +3.1 
WR +2.0 
WR -0.7 
WR +0.7 
WR +2.0 
WR +1.8 
WR +2.1 
WR +2.5 
WR +2.1 
WR +1.6 
WR +1.7 
WR +2.4 
=========================================================== 
a amph--amphibole; bt--biotite; chl--chlorite; gt--
garnet; qtz--quartz; sch--schist; BIF--iron 
formation. 
b WR--whole rock samples; aspy--arsenopyrite; cpy--
chalcopyrite; po--pyrrhotite. 
C Per mil relative to Canyon Diablo Troilite (CDT). 
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DISCUSSION 
Although Ha1lager (1984) and Kerswill (1990) regarded the 
Mineral Hill deposit to be syngenetic, Seager (1944) believed 
that the deposit was epigenetic and related to the intrusion 
of the Crevasse Mountain monzonite. Hallager (1984) 
considered that the Mineral Hill deposit was similar in form 
and geochemistry to the Homestake deposit, which was believed 
to be a syngenetic deposit (Rye and Rye, 1974). Hallager also 
suggested that the Mineral Hill deposit resembled modern 
opaline sinters (due to enriched values of Au, As and S) . 
Seager (1944) proposed an epigenetic origin based on the 
similarities between mineralogy of gold-bearing quartz veins 
and pegmatites spatially related to the Crevasse Mountain 
monzonite. Despite Seager's (1944) proposal, there are no 
pegmatites in the vicinity of the Mineral Hill deposit. 
Therefore, an epigenetic origin for the Mineral Hill deposit 
remains in question. However, there is evidence to support an 
epigenetic model with metamorphic fluid involvement. This 
evidence includes the following: 
1). If the gold was syngenetic and deposited from a hot 
spring along with the iron formation, anomalous gold contents 
might be expected throughout the 1ron formation. However, 
gold in the Mineral Hill deposit occurs in iron formation only 
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where it is altered (type 1 mineralization). Unaltered iron 
formation immediately adjacent to and along strike from high 
grade zones contains no gold «0.001 oz/ton, D. Oliver, per. 
comm., 1991). Gold is primarily associated with arsenopyrite 
alteration halo. 
2). High-grade gold ore is spatially related to quartz-
arsenopyrite pods and shear zones in the hinge areas of the 
fold (type 2 mineralization). The structure of these ores is 
discordant to the bedding (So) and first generation 
schistosity (Sl)' and is clearly epigenetic in nature. Since 
the mineralogy of type 1 stratabound mineralization in iron 
formation is identical to that of clearly epigenetic type 2 
mineralization, it is likely that type 1 mineralization is 
also epigenetic. It would be remarkably fortuitous to have 
epigenetic and syngenetic mineralization with exactly the same 
mineralogy occurring together. 
3). Quartz-sulfide-gold mineralization is also found in 
biotite schists at Mineral Hill and Crevasse Mountain. This 
indicates that all gold mineralization is not 
stratigraphically controlled and hosted within iron formation 
only. 
Gold 1n Algoma-type iron formation-hosted gold deposits 
1S most often fracture controlled. The fractures are mostly 
discordant to the bedding (Macdonald, 1983; Phillips et al., 
1984; Oberthur et al., 1990). In Superior-type iron 
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formation-hosted gold deposits, however, gold is largely 
confined to fold closures, such as in the Homestake gold 
deposit (Noble, 1950), the Lupin deposit (Lhotka and Nesbitt, 
1989), and the Mineral Hill deposit (Cuthill et al., 1988). 
The difference between the structural control for deposition 
of Algoma-type and Superior-type iron formation-hosted gold 
mineralization may be due to the difference in mechanical 
nature of the rocks around the mineralized iron formation. 
Rocks (mostly volcanics) around Algoma-type iron formation are 
more brittle than those around the Superior-type iron 
formation. Mudstones or shales and their metamorphosed 
equivalents, biotite schists, occur adjacent to iron formation 
in depositional sequences associated with Superior-type iron 
formation. Mudstones and iron formation posses extremely 
different rock competences. Such great differences may cause 
discordance between the mudstone layer and the iron formation 
during deformation, and also cause the iron formation to 
boudinage, while the mudstone is less easily fractured and 
undergoes ductile deformation. The degree of discordance and 
extent of boudinaging are expected to be greatest in the hinge 
area of a fold. This zone of weakness in the iron formation 
becomes the site of gold deposition (Noble, 1950). It has 
been noted that in Archean greenstone gold deposits, if a 
strong competency contrast exists between adjacent rock types, 
structurally more competent lithologies can also be 
84 
preferentially mineralized (Colvine et al., 1988). The 
abundance of argillaceous material in the iron formation may 
reduce the competence of the iron formation and its gold 
content (Fripp, 1976; Lhotka and Nesbitt, 1989). The 
antipathetic relationship between content of gold and 
argillaceous material is supported by the negative correlation 
between gold and Al contents of iron formation (Hallager, 
1984; Saager, 1987). 
The intensity and spatial distribution of alteration 
assemblages in Algoma-type iron formation is also controlled 
by fracture intensity. Alteration zones usually crosscut 
bedding of the iron formation. Sulfides, ankerite, and quartz 
are the most abundant minerals in altered iron formation, 
while magnetite and quartz are most abundant in unaltered iron 
formation. The striking differences in structure and 
mineralogy between gold-bearing alteration zones and barren 
unaltered iron formation make the epigenetic nature of gold 
mineralization and associated alteration more easily 
recognizable in Algoma-type iron formation-hosted gold 
deposits. Alteration associated with gold mineralization in 
Superior-type iron formation, however, is controlled by 
folding, and is mostly along bedding planes in iron formation. 
The mineralogy of altered iron formation is very similar to 
that of unaltered iron formation, although the abundances of 
minerals are different between the two types. Altered iron 
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formation at Mineral Hill contains more chlorite, hornblende, 
biotite, clinozoisite, and sulfides than unaltered iron 
formation, which contains more grunerite, garnet, and very 
little sulfide. Despite this feature, the alteration is, 
however, still discernable. Electron microprobe studies of 
silicates from the Mineral Hill mine reveal that the Fe 
content of biotite, chlorite, and hornblende is lower in 
altered iron formation than those for the minerals in 
unaltered iron formation. Furthermore, these minerals are 
considerably more variable in composition between individual 
grains or in a single grain in altered iron formation at 
Mineral Hill mine. The fact that variable silicate 
compositions are not found in unaltered iron formation 
suggests that alteration is post-metamorphic, and thus 
epigenetic. 
CO2-bearing fluid inclusions in vein quartz from the 
Jardine deposit are typically with low to moderate salinities. 
Some inclusions contain CH4 • The homogenization temperatures 
for CO2 -bearing inclusions are between 210° and 365°C. These 
characteristics are very similar to the fluid inclusions found 
in other Archean lode gold deposits, including iron formation-
hosted gold deposits (Phillips and Groves, 1983; Groves et 
al., 1984; Smith et al., 1984; Wood et al., 1986; Ho, 1987; 
Robert and Kelly, 1987; Studemeister and Kilias, 1987; Walsh 
et al., 1988; Colvine et al., 1988). The fluids represented 
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by these fluid inclusions are most likely metamorphic in 
origin (Powell et al., 1991). Although the wide range of 
homogenization temperatures of CO2 -bearing fluid inclusions 
may reflect more than one fluid event, calculations on the 
average temperature suggest that fluids were entrapped at 
about the same pressure as peak metamorphism (i.e., 
approximately 3 kb). 
Calculated OD values for fluids in equilibrium with 
hydrothermal chlorite and biotite from the Mineral Hill 
deposit are very similar to those of other Archean greenstone 
gold deposits (Kerrich and Watson, 1984; Golding and Wilson, 
1987), although the OD values for the fluids of the fluid 
inclusions from vein quartz and scheelite in the Mineral Hill 
deposit are lower than these values. The only other set of OD 
data obtained on fluid inclusions in minerals from iron 
formation-hosted gold deposits is from the Homestake mine (Rye 
and Rye, 1974). The OD values for fluids from fluid 
inclusions in quartz and arsenopyrite from the Homestake 
deposit range from -112.0 to -55.8 per mil, and are in good 
agreement with our data for samples containing few liquid 
aqueous inclusions. OD values for fluids from fluid 
inclusions will have a larger range and a lower limit than 
those calculated from mineral analyses because fluids from 
fluid inclusions inevitably contain some secondary fluids, 
which have OD values different from fluids in primary and 
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pseudosecondary inclusions, as is also shown by the studies of 
Goldfarb et ale (1991) and Kyser and Kerrich (1991). Thus, 
the 00 values for the hydrothermal fluids are most reliable if 
they are obtained by calculating 00 values from 
hydroxysilicates. 0180 values and 00 values calculated for 
three hydrosilicates from the Mineral Hill deposit (Table 16) 
are within the metamorphic fluid box (Figure 14). Note, 
however, that biotite in sample 207 also overlaps the magmatic 
fluid region (Figure 14) . 
Carbon isotope values for two calcite samples from the 
Jardine deposit are in the same range as those for carbonates 
associated with Archean greenstone gold deposits that have 
been derived from metamorphic fluids (Golding et al., 1987; 
Colvine et al., 1988; Groves et al., 1988). Carbon isotope 
values of carbonates with a magmatic signiture also overlap 
this range, and therefore a magmatic source cannot be ruled 
out. The sulfur isotopes of the Mineral Hill and Crevasse 
Mountain deposit exhibit a narrow range close to zero per mil 
and do not indicate an unequivocal source. However, these 
values are characteristic of other Archean lode gold deposits 
(Lambert et al., 1984), and indicate that sulfur was derived 
from one homogeneous source and from a fluid probably 
dominated by H2S. 
Recent studies on retrograde metamorphism in non-Archean 
metamorphic terrains strongly support the existence of post-
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metamorphic CO2-rich fluids. The fluids are very similar to 
those responsible for Archean gold mineralization, and are 
capable of altering wall rocks and causing mineralization. 
Lamb et al. (1987) demonstrated the existence of post-
metamorphic CO2-rich fluid inclusions, and Morrison and Valley 
(1991) detailed characteristics of the retrograde fluids and 
their products in Adirondack Mountain granulites formed during 
the Grenville Orogeny between 1070-1025 Ma: 1) The retrograde 
fluids altered the granulite, and the alteration assemblage 
occurs as veins and patch intergrowths, and include 
chloritezsericitezcalcitezpyritezpyrrhotitezchalcopyrite; 2} 
~p80 and o13e values for retrograde calcite range from 8.6 to 
14.9 per mil and from -4.1 to 0.4 per mil, respectively; 3) 
Retrograde sulfides have 0345 values of 2.0 to 4.0 per mil (one 
sample 8.3 per mil); 4} Fluid inclusion studies and 
microscopic studies show that the alteration fluids are CO2 -
rich; 5} The hydrothermal fluid migration probably occurred 
during cooling and uplifting from granulite facies metamorphic 
conditions at about 900 Ma, and does not reflect a later 
Phanerozoic event. Even though there are no exact temperature 
data «565°C at 7 Rb, estimated from mineral assemblages) and 
00 values available, the above features are remarkably similar 
to the ore-forming fluids associated with Archean lode gold 
deposits. Although the retrograde metamorphism studies were 
performed on granulites, these fluids could conceivably 
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migrate upward and form gold deposits at lower temperatures 
and pressures. It seems that the temperature and pressure 
characteristic of the upper greenschist to lower amphibolite 
facies metamorphism are most suitable for gold precipitation. 
The possible reasons include: 1) at such temperatures and 
pressures, the fluids pass the critical temperatures and cause 
separation of gaseous and liquid phases; 2) the fluids 
migrating upward enter the brittle deformation zone, where the 
pressures in the fracture are much lower than the hydrostatic 
pressures of the country rocks, causing phase separation. 
When phase separation occurs, the physico-chemical condition 
of the fluid phase may change drastically, causing some gold 
complexes to breakdown, and gold to be precipitated; and 3) 
the fluids in equilibrium with granulites become non-
equilibrium fluids with the surrounding rocks as they migrate 
upward. 
The composition of fluids associated with gold in the 
Jardine area resembles gold-forming fluids responsible for the 
formation of gold mineralizations occurring in metamorphic 
terrains, regardless of metamorphic grade, age, and hostrock 
composition elsewhere. For example, the Archean Atlantic 
City-South Pass gold deposits occur in a sequence of 
turbidites metamorphosed to upper greenschist-lower 
amphibolite grade in the WYoming Province (Bow, 1984; McGowan, 
1990). Gold deposits in the Sierra Nevada foothills 
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metamorphic belt occur in blueschist to amphibolite-grade 
metamorphic rocks metamorphosed during Paleozoic to Jurassic 
time (Bohlke and Kistler, 1986; Weir and Kerrick, 1987). 
These deposits have fluid inclusions and hydrogen and oxygen 
isotopic compositions (Figure 14) similar to those fluids 
likely to be responsible for gold mineralization at Jardine. 
Theoretically, metamorphic fluids may migrate to the Earth's 
surface. For example, they occur in some hot spring waters 
from the California Coast Ranges, where modern metamorphism is 
occurring at depth (White et al., 1973). 
Keays (1984) considered that gold in Archean deposits is 
metamorphic in origin and was derived from mafic to ultramafic 
volcanic rocks, because they have the highest gold content 
among all igneous rocks. Depletion of gold in rocks that have 
undergone high-grade metamorphism indicates the possibility of 
the formation of an auriferous metamorphic fluids (Boyle, 
1979). At Jardine, the gold-bearing iron formation occurs in 
a package of metasediments, but element factor analysis 
(Hallager, 1984) and REE data of the iron formation (Thurston, 
1986; Stanley, 1988) indicate the incorporation of mafic 
materials to the iron formation. The proposal that the 
metasediments at Jardine have been tectonically emplaced to 
their present position (Thurston, 1986; Mogk, 1988) raises the 
possibility that there might have once been mafic rocks in the 
91 
vicinity, but are currently unexposed. These mafic rocks may 
have been a source of gold. 
Although gold mineralization at Jardine appears to be 
epigenetic, the source of the ore-forming fluids remains in 
doubt. Seager (1944) proposed that gold mineralization in the 
Jardine area was derived from the Crevasse Mountain quartz 
monzonite. Jablinski (1990) claimed that the Crevasse 
Mountain stock showed -no evidence of having had experienced a 
regional deformation after its emplacement-. This claim would 
imply that the stock was emplaced after the gold 
mineralization event because this event is mostly syn-
metamorphic. However, Jablinski's claim contradicts that of 
Seager's (1944) claim that the quartz monzonite stock has a 
-gneissic appearance". 
regional metamorphism. 
This texture implies that it underwent 
The 2.7-2.95 b.y. Pb-Pb absolute age 
of galena from Mineral Hill mine (Doe, cited in Hallager, 
1984) overlaps the Rb-Sr age of 2.58 to 2.76 for the Crevasse 
Mountain quartz monzonite (Brookins, 1968; Montgomery and 
Lytwyn, 1984), and does not negate a relationship between the 
timing of mineralization and the emplacement of quartz 
monzonite. Metadiabase dikes and sills cut iron formation and 
gold orebodies and are clearly later than gold mineralization. 
Although metamorphic fluids are a more likely source for the 
mineralization, a magmatic fluid derived from the Crevasse 
Mountain quartz monzonite can not be ruled out. 
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A decrease in the temperature and pressure of the ore-
forming fluids, especially where such decreases result in 
phase separation, may be a primary cause of gold precipitation 
in Archean greenstone gold deposits. However, gold can also 
be precipitated by fluid-rock reaction (alteration), which can 
be an important mechanism for gold precipitation in iron 
formation. At Jardine, gold is primarily occurs in 
arsenopyrite within iron formation. The association between 
Au and As is also very common in other types of gold deposits, 
suggesting that gold could be transported in the form of gold-
arsenic complexes, such as AuAsSo (Romberger, 1986). A high 
Fe2+ activity in the iron formation could conceivably cause the 
complexes to become unstable, and result in the precipitation 
of native gold and Fe-sulfide (see equation (2». 
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CONCLUSIONS 
Based on garnet-biotite and garnet-chlorite 
geothermometers and silicate stabilities the Archean 
metasedimentary rocks near Jardine were metamorphosed to 
approximately 530°-550°C and about 3 kb. 
The structurally controlled gold mineralization, 
discernable alteration characterized by sulfides, Fe-depleted 
and inhomogeneous silicates and arsenopyrite in alteration 
zones, and strong relation between gold mineralization and 
alteration, support an epigenetic model for the gold 
mineralization at Jardine. Geological relations, 
geochronology, fluid inclusion, and isotope data are most 
compatible with a metamorphic ore-forming fluid, although a 
magmatic fluid or a contribution from a magmatic fluid, 
particularly from the Crevasse Mountain stock cannot be 
eliminated. 
A model for the formation of gold mineralization 
includes: 1). Iron formation formed in an offshore basin with 
clastic sediments near a mafic-ultramafic volcanic belt 
(Thurston, 1986); 2). The iron formation and the surrounding 
rocks were metamorphosed to peak conditions of 530-550°C and 3 
kb; 3). During and shortly after peak metamorphism, 
metamorphic Au-, S-, and As-bearing fluids formed; gold was 
94 
probably transported as As and S complexes; 4). The ore-
forming fluid precipitated gold and sulfides in weak zones 
between quartz boudins in the iron formation and along bedding 
planes and the Sl schistosity. At the same time, silica 
released during the conversion of grunerite to hornblende 
precipitated with sulfides and gold, and formed gold-bearing 
veins within iron formation and in biotite schists. 
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APPENDIX. FLUID INCLUSION MICROTHERMOMETRIC DATA 
--------------------------------------------------------
--------------------------------------------------------
Sample 'l'mcH4 'I'mco2 'I'n\:lath Thco2 Thtotal Remarks 
--------------------------------------------------------
CO2-bearing inclusions 
PS07 -57.0 5.1 25.7 
-57.5 5.8 27.8 
-57.2 5.4 25.7 
-57.1 5.9 25.6 
-56.6 26.3 
-56.6 24.2 
24.6 
25.9 214 
25.7 
232 To V. 
26.2 265 Decrpt. 
25.3 290 Decrpt. 
234 Decrpt. 
256 Decrpt. 
25.7 
-58.4 4.7 23.9 
-57.3 4.5 25.6 228 
-57.2 3.8 20.6 216 Decrpt. 
-58.8 8.4 23.3 304 
242 Decrpt. 
-56.9 5.7 24.2 339 
-57.2 5.2 22.4 294 
-57.3 26.4 
223 Decrpt. 
258 Decrpt. 
-57.7 4.4 24.9 310 
216 Decrpt. 
-58.9 317 
PS12 -58.9 2.9 17.3 
-59.2 6.1 16.1 282 
8.8 
-59.2 8.2 18.1 304 To V. 
8.1 
277 
265 
243 
-74.1 -59.2 4.1 317 
-58.2 2.2 21.2 310 
109 
-59.5 7.8 283 
-58.2 7.7 21.0 263 
7.7 259 
7.4 
-62.8 -61.0 8.5 326 
-61.0 -58.8 6.0 21.2 259 
-56.8 -3.5 280 
255 
-59.8 -0.4 264 
-59.6 7.6 15.2 267 
-58.9 5.4 13.8 232 Decrpt. 
-65.3 227 Decrpt. 
PS21 -58.3 3.2 14.6 323 
-58.2 7.6 9.7 
-98.2 -59.7 11.8 277 Decrpt. 
-59.8 9.6 
8.5 
-79.5 -63.8 8.4 -3.5 347 
-62.6 9.4 353 To v. 
-62.9 9.7 -4.6 298 Decrpt. 
8.6 
8.8 
-57.9 17.1 235 Decrpt. 
-99.2 -60.0 0.6 11.6 283 To V. 
-60.4 
-59.5 306 
-57.6 3.6 17.8 295 To V. 
-57.9 1.6 20.4 
-58.1 2.1 16.0 344 
-58.0 2.8 19.7 349 To V. 
-59.8 6.7 7.6 337 To V. 
-59.5 1.6 8.5 
30 -57.5 3.9 
-57.2 4.1 240 Decrpt. 
-57.9 4.8 28.1 
-57.6 4.5 27.3 
-56.9 1.9 
-57.9 3.9 28.8 
-57.4 3.9 
-57.8 3.7 29.1 
-56.8 276 
-57.8 3.1 
285 
-57.5 3.2 26.9 
110 
-56.9 3.8 
-57.1 3.7 26.6 
-56.6 3.6 28.5 
-56.6 27.2 
-56.6 4.2 27.0 277 
-56.8 4.9 27.2 246 Decrpt. 
-56.7 23.2 
-56.7 5.0 
-56.8 28.2 
-57.0 4.7 
-56.9 4.8 274 Decrpt. 
-56.9 4.6 25.8 237 Decrpt. 
-57.1 4.4 29.6 
29.2 
3.3 30.1 302 
-57.3 4.3 28.3 309 
4.3 27.6 
-57.1 22.4 
-56.8 4.6 26.4 267 
304 
-57.0 29.6 
-57.2 4.6 27.2 
-56.9 3.8 22.2 241 
-57.3 4.5 25.1 
-56.9 4.6 29.1 247 Decrpt. 
259 Decrpt. 
33 -57.4 7.2 23.1 281 
-57.2 
-56.8 5.9 23.2 255 To v. 
-56.9 7.5 22.8 215 
-57.0 5.8 25.3 
-58.1 7.5 18.9 306 Decrpt. 
275 
311 
-56.8 7.8 21.1 
-57.0 8.6 24.0 
282 To V. 
277 Decrpt. 
248 Decrpt. 
-56.7 7.3 316 
-56.6 7.6 22.6 312 To V. 
-56.8 6.8 20.6 
330 
348 
264 Decrpt. 
-57.2 
-57.4 
-57.0 
-57.7 
111 
7.4 
8.5 
7.9 
8.4 
19.0 
19.9 
20.8 
23.3 
279 Decrpt. 
209 Decrpt. 
287 
281 
365 To V. 
209 Decrpt. 
======================================================== 
-------------------------------------------------------------
-------------------------------------------------------------
Sample Type 
Remarks 
Te 'I'm Ts 
-------------------------------------------------------------
Aqueous inclusions 
PS01 G+L -24.2 203 
146 
-24.7 149 
-73 -26.9 
-26.6 
-73 -27.8 
-27.6 
-73 -27.1 
-69 -27.3 
-72 -25.4 136 
145 
-25.4 199 
-24.4 
148 
-56 -19.5 128 
-68 -27.1 
-53 -16.3 121 
133 
-73 -22.2 143 
-60 -26.0 183 
169 
-70 -19.8 115 
PS03 G+L -58 
G+L -58 -12.8 144 
112 
G+L 178 
G+L -64 -23.0 137 
G+L+S 159 >190 
G+L+S 167 >190 
G+L -60 -20.5 
G+L -58 -18.8 
G+L+S -74 
G+L+S 168 
G+L+S 169 231 
G+L+S 208 233 
G+L -58 -10.9 
G+L -58 -10.2 155 
G+L -58 -11.2 148 
G+L -59 -11.4 151 
G+L+S 174 230 
G+L+S 239 
G+L+S 165 250 
G+L+S 189 
G+L+S 177 248 
G+L+S 220 282 
G+L+S 224 234 
G+L+S 203 
G+L+S 194 248 
G+L+S 191 249 
G+L+S 206 
G+L+S 203 
G+L+S 205 255 
PS07 G+L+S -69 -35.5 
G+L+S -68 -36.1 
G+L -22.8 
G+L+S -67 -33.1 
G+L -65 -28.2 
G+L -27.1 
G+L+S -61 -26.1 148 
G+L -58 -25.6 140 
G+L+S -29.8 131 
G+L -27.4 131 
G+L -27.6 144 
G+L 140 
G+L+S -23.7 152 
G+L+S -24.1 
G+L+S -24.2 
G+L+S -23.9 
G+L -23.2 
G+L -22.0 
113 
G+L+S -22.6 
G+L+S -22.5 
G+L+S -23.7 
G+L -65 -27.3 139 
G+L -63 -26.5 141 
G+L -44 -24.5 147 
G+L -29.1 
G+L -63 -26.7 
G+L 148 
G+L+S 154 264 
G+L+S 156 
G+L+S 138 >330 
G+L+S 148 >250 
G+L+S 181 >280 
PS12 G+L -72 -17.9 105 
-71 -18.2 109 
-70 -18.2 128 
-73 -18.3 137 
-71 -17.8 133 
-44 -3.1 
-35 -2.9 
-36 -3.7 
47 G+L -55 -25.0 
G+L -53 -24.5 188 
G+L -57 -25.7 
G+L+S -60 -26.9 148 
G+L+S -56 -25.6 
G+L -57 -26.6 187 
G+L+S -53 -23.4 168 
G+L+S -55 -25.4 
G+L+S -55 -25.5 
G+L+S -55 -24.9 
G+L -56 -25.5 151 
G+L+S -53 -22.4 
G+L -53 -24.5 
G+L+S -51 -21.2 
G+L -52 -23.5 
G+L+S -51 -23.2 
G+L+S -53 -24.8 207 
G+L+S <130 216 
G+L+S <130 203 
G+L+S <130 221 
G+L+S 132 213 
114 
G+L+S 144 196 
G+L+S 151 243 
G+L+S 115 208 
G+L+S 118 194 
G+L+S 121 176 
G+L+S <120 179 
G+L+S 120 183 
G+L+S 157 
G+L+S 149 
G+L+S 130 
136 G+L -55 -16.6 
-52 -17.9 
-51 -15.7 129 
-48 -16.3 
-43 -14.3 105 
-53 -17.9 
-50 -16.1 
-58 -17.0 
-44 -11.6 
-39 -7.6 
-46 -11.2 
-46 -13.1 
-53 -14.7 
-45 -15.2 
-46 -14.0 
-59 -13.6 
-46 -13.7 
-50 -13.3 
134 
129 
131 
131 
136 
128 
125 
127 
127 
119 
125 
125 
============================================================== 
